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PREFACE. 


Ik  the  presentation  of  the  present  work  to  the  Engineering 
Profession  and  to  our  technical  Schools,  a  few  words  of  intro- 
duction seem  necessary. 

There  are  several  excellent  works  upon  the  subject  of  Ther- 
modynamics, in  English,  but  none  with  which  the  writer  is  ac- 
quainted, sufficiently  wide  in  its  scope  and  practical  in  its 
applications,  and  at  the  same  time  adapted  in  its  mode  of 
treatment  to  the  needs  of  beginners.  The  subject  is  thus  one  of 
the  most  difficult  for  the  student  to  get  hold  of  in  the  scheme 
of  our  :engineeriBg  schools,  and  the  effort  to  teach  it,  so  far  as 
the  writer's  experience  goes,  is  seldom  productive  of  satisfac- 
tory results. 

It  is  to  meet  this  want  that  the  present  work  is  offered  to  the 
public  The  writer  has  used  the  work  of  Rontgen  in  his  classes 
for  several  years,  and  with  good  success.  The  treatment  is  full 
and  practical  and  the  presentation  such  as  to  offer  but  little 
difficulty  to  an  earnest  reader.  The  notation  employed  is  that 
used  by  Zeukeb,  so  that  the  book  forms  a  good  introduction  to 
the  "  Wdrme-theorie.'^ 

During  these  years  the  work  of  Bontgen  has  grown  upon  the 
writer's  hands  into  its  present  proportions,  and  it  becomes 
proper  here  to  point  out  at  least  those  portions  for  which  the 
German  author  is  not  responsible.  In  general  the  work  of 
Bonlgen  is  comprised  by  the  large  print  only,  while  all  the  rest 
is  from  other  sources. 

Of  these,  apart  from  the  writer's  own  additions,  the  most 
noteworthy  are  the  two  lectures  by  Pbof.  Verdet,  which  have 

been  introduced  as  an  introduction  to  the  work.     They  form, 

•  •  • 
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with  the  Notes  and  Additions^  an  admirable  summary  of  the 
whole  field,  and  being  in  a  popular  form,  will,  it  is  hoped, 
awaken  an  interest  in  one  of  the  most  important  of  the  more 
recent  developments  of  physical  science. 

In  Chapter  XUL  we  have  given  a  very  excellent  abstract  of 
MoNS.  Pebnolet's  work  "Z'^ir  Comprime/'  for  which  we  are 
indebted  to  Mr.  Bailet  Willis,  M.  R  It  will  be  found  of  great 
interest,  and  the  diagram  given  at  the  end  of  the  chapter  will 
be  found  of  great  practical  value. 

In  the  Appendix  to  Chapter  XXTTT.,  we  have  given  Zeuneb's 
theory  of  superheated  steam — by  far  the  best  and  latest  work  upon 
this  very  important  subject 

As  to  other  additions,  we  have  added  here  and  there  to  the 
text  of  our  author,  matter  which  seemed  desirable,  distinguish- 
ing all  such  additions  by  fine  print  and  brackets ;  have  appended 
"  questions  for  examination  "  to  many  chapters,  as  well  as  added 
many  selected  '*  examples  for  practice,*'  reduction  tables,  etc., 
all  of  which  are  calculated  to  aid  the  teacher  and  student. 
The  steam  tables  at  the  end  of  the  work  are  taken  from  Zeu- 
neb's "  Wdrme-theorte.'' 

As  regards  the  extent  of  the  work,  it  will  be  found  consider- 
ably more  than  can  be  read  completely  by  any  class.  This  need 
cause  no  trouble  to  the  instructor.  The  principles  are  completely 
laid  down  in  the  first  six  chapters  of  the  first  and  second  parts. 
The  rest,  consisting  merely  of  the  applications  of  these  princi-^ 
pies,  can  be  pursued  at  such  length  as  may  seem  proper  in  any 
case.  We  consider  it  a  positive  advantage  to  the  student,  who 
is  expected  to  make  use  of  the  principles  he  acquires,  to  have  a 
text  book  so  full  and  comprehensive  that  it  shall  serve  as  a 
book  of  reference  as  well,  and  point  out  the  method  to  be  pur- 
sued in  the  investigation  of  any  problems  which  may  occur  in 
future  practice. 

For  several  reasons  it  has  not  been  thought  well  to  convert 
the  French  measures  into  English.  Those  who  wish  to  become 
familiar  with  the  literature  of  the  subject,  must  be  able  to  use 
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the  French  system  easily.  No  graduate  of  our  Technical 
Schools  should  be  without  a  thorough  knowledge  of  it.  For 
the  practical  use  of  the  formulsB  and  results  in  daily  work,  the 
reduction  tables  we  have  given  will  be  found  to  answer  every 
requirement. 

The  method  of  the  author  requires  only  a  knowledge  of  al- 
gebra and  no  use  is  made  of  the  calculus.  This  fact  will  per- 
haps gain  for  the  work  readers  who  haye  long  desired  to  obtain 
some  insight  into  the  subject,  but  have  been  unable  to  read  the 
works  hitherto  published  upon  it. 

The  effort  throughout  has  been  to  aid  both  teacher  and  stu- 
dent in  their  work,  and  to  impart  such  a  knowledge  of  the  sub- 
ject as  shall  render  it  practically  serviceable. 

Shsffixl   Scientific  School  of  Yale  College, 
June  11th,  1880. 
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I. 

Thebmodtnaxics,  ot  the  Mechanical  Thbobt  of  Heat,  is  that  sdenoe 
wbicli  treats  of  the  mechimical  effects  of  heat,  and  of  those  mechanical  pro- 
cesses by  which  heat  is  generated.  This  science  is  yet  in  its  infancy.  It  is 
not  more  than  40  years  ago  *  that  Sadi  Camot  pointed  out  its  first  problems, 
and  scarcely  80  years  have  elapsed  *  since  Julias  Robert  Mayer  indicated  the 
methods  by  which  their  solution  might  be  attempted. 

Neyertheless,  this  science  has  already  reached  a  great  development,  and 
has  attained  points  of  contact  with  almost  all  the  other  sciences.  We  shall 
endeavor,  in  what  follows,  to  obtain  a  comprehensive  view  of  this  rapid  progress. 

The  new  science  rests  upon  a  few  fundamental  principles  of  mechanics,  and 
to  these  let  us  first,  for  a  moment,  direct  our  attention. 

The  law,  according  to  which  the  velocity  of  any  material  point  acted  upon 
by  a  constant  force  changes,  is  well  known  (it  is  v=  Y2  gh)-  We  also  know 
that  the  square  of  the  velocity  attained  in  any  given  time  is  equal  to  twice  the 
product  of  the  moving  force  and  the  distance  passed  over,  divided  by  the  mass 

of  the  moving  point  (or  tj'  =  j . 

The  velocity  increases  or  is  accelerated  when  the  moving  force  acts  in  the 
direction  of  the  original  velocity  of  the  point,  and  it  is  retarded  when  the  mov- 
ing force  acts  in  the  opposite  direction. 

The  product  of  the  force  into  the  distance  passed  over,  we  call  the 
"  MECHAincAii  EFFECT  **  OX  "  woKK  "  of  the  force.  We  call  this  work  posi- 
tive or  negative,  according  as  the  force  causes  motion  or  opposes  motion  of  the 
point,  i.e.,  according  as  it  acts  in  the  direction  of  the  initial  velocity  or  the 
reverse. 

We  call  the  half  product  of  the  mass  and  square  of  the  velocity  (\  Mv'*)  the 
"TIB  TIVA"  or  "LIVING  FORCE,"  and  by  the  aid  of  these  two  definitions  we 
may  express  the  foregoing  principle  in  the  following  manner : 

When  a  body  moves  with  uniformly  aecderaUd  or  retarded  miction,  the 

•  The  two  Introductory  lectures  which  follow  were  delivered  by  Prof.  Verdet  before  the 
Chemical  Society  of  Paris,  in  the  year  1888.  The  dates  above  should  therefore  now  be  68  and  48  re- 
spectively. As  a  popular  and  yet  scientific  exposition  of  the  subject,  these  lectures  are  still  unri- 
valed, and  to  the  beginner  who  desires  to  get  clear  general  ideas  of  the  scope  and  spirit  of  the 
science  they  will,  it  is  thought,  prove  both  interesting  and  valuable,  and  render  the  proper  com- 
prehension of  the  technical  discussion  which  follows  much  easier. 
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"  toork  "  during  any  ffi/oen  Umet  performed  upon  the  body  or  performed  by  the 
body,  %»  equal  to  the  change  in  the  *  *  living  force  "—[♦.«. ,  Work  =  i  if  ( T,  *  -  « i  *)]. 

This  principle,  which  follows  directly  from  the  above  definltioiiB  and  prin- 
ciples, enables  us  to  measaie  forces  bj  the  resulting  velocities,  and  maj  be 
easily  goneralixed. 

Thus,  by  the  aid  of  the  Galculns,  we  may  remove  the  limitation  as  to  con- 
stant force,  which  we  have  introduced  for  the  sake  of  clearness.  Then  the 
limitation  as  to  direction  may  be  removed  by  finding  the  component  of  the  in- 
clined force  in  the  direction  of  the  motion,  and  taking  its  work.  Finally,  we 
may  consider  any  system  whatever  of  forces  and  bodies,  and  show  that  in  all 
cases  the  eum  of  the  toorki  performed  in  any  given  time  ie  equal  to  the  change  in 
the  sum  of  the  living  forces  in  that  time.  This  is  the  principle  known  as  the 
equality  of  work  and  living  force,  ui>on  which  rests  the  entire  theory  of 
machines. 

Mechanical  effect,  or  work,  is  expressed  numerically  by  means  of  a  conven- 
tional unit.  Thus  that  amount  of  work  may  be  taken  as  unity  which  is  per- 
formed in  lifting  one  unit  of  weight,  as  one  pound  or  one  kilogram,  against  the 
force  of  giavity,  through  the  vertical  distance  of  one  unit  of  length,  as  one 
foot  or  one  meter.  Work  is  thus  measured  in  '*  foot-pounds  "  or  *'  meter-kilo- 
grama"  If,  thus,  we  say  that  the  work  of  any  system  is  positive  and  equal  to 
100  ft.  lbs. ,  we  mean  that  by  means  of  this  system  we  can  perform  the  same  work 
as  would  be  performed  by  a  weight  of  100  lbs.  descending  through  a  height  of 
one  foot,  or,  regarding  the  force  of  gravity  as  constant,  by  the  descent  of  one 
pound  through  100  feet  In  like  manner,  100  meter-kilograms  signifies  the  work 
performed  by  the  descent  of  one  kilogram  through  the  distance  of  100  meters. 

Inversely,  a  negative  work  of  100  ft  lbs.  denotes  an  expenditure  of  work 
by  the  system  equal  to  that  expended  in  raising  a  weight  of  one  pound  through 
100  feet,  or  100  lbs.  through  one  foot,  the  final  Velocity  being  zero. 

It  is  not  our  purpose  to  indicate  here  how  the  entire  theory  of  machines 
follows  from  this  equation  of  work ;  but  it  is  necessary  to  direct  attention  to 
two  general  conditions  which  the  motion  of  any  machine  must  satisfy,  and 
which  are  expressed  in  this  equation. 

First,  in  every  machine  whose  motion  has  become  constant,  or,  in  general, 
in  any  system  whose  velocity  is  independent  of  the  time,  the  sum  of  the  living 
forces  is  constant,  and  hence  in  any  period  which  we  consider,  the  sum  of  the 
works  zero.  In  other  words,  the  work  of  the  moving  forces  is  constantly  equal 
to  the  work  of  the  resistances,  and  has  a  contrary  sign.  If  the  velocities  indeed 
are  not  constant,  but  periodic  in  their  variation,  as,  for  example,  is  the  case  in  a 
machine  with  a  reciprocating  motion,  then,  although  equality  no  longer  exists 
between  the  work  of  the  moving  forces  and  of  the  resistances  for  any  arbitrary 
interval  of  time,  still  it  does  exist  for  the  duration  of  a  full  period,  or  for  any 
entire  number  of  such  periods. 

If,  further,  the  forces  wliich  act  upon  a  system  have  at  one  time  an  effect 
opposed  to  the  action  of  the  individual  points  of  this  system  upon  each  other,  if 
therefore  they  act  in  the  directions  of  the  lines  joining  these  points,  and  are 
dependent  only  upon  the  distances  apart  of  the  points,  and  if  at  another  time 
they  proceed  from  a  center,  and  are  subject  to  the  same  conditions ;  then,  the 
sum  of  the  living  forces  is  the  same  both  at  the  beginning  and  end  of  a  time 
such  that  the  bodies  of  the  system  return  to  their  first  positions.    The  sum  of 
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the  works  of  the  forces  da  ring  this  time  is  sero.    These  conditions  are  satisfied 
by  every  case  which  occurs  in  nature. 

This  law,  which  rests  upon  the  surest  ideas  which  we  have  concerning  the 
operation  of  the  forces  of  nature,  is  nothing  more  than  the  principle  of  the 

DCFOSaiBILTTT  OF  FERFBTUAL  MOTION. 

According  to  this  it  is  impossible  by  any  combination  of  natural  forces  to 
make  a  machine  whose  parts  being  once  set  in  motion  and  tlien  left  to  the 
operation  of  gravity,  or  other  similar  forces,  and  their  own  mutual  action,  shall 
later  return  to  their  original  positions  with  greater  velocities  than  they  at  first 
possessed. 

A  perpetual  motor  means,  then,  a  machine  which,  being  put  in  motion  and 
left  to  itself  will,  in  a  certain  time,  regain  its  original  velocity,  and  at  the  same 
time  impart  to  some  body,  originally  at  rest,  a  certain  velocity.  It  is  clear  that 
both  cases  of  impossibility  are  identical.* 

It  does  not  appear  at  sight  easy,  proceeding  from  these  principles,  to  make 
any  new  discoveries.  The  theory  of  umple  machines  is  firmly  founded,  and 
all  analyses  of  deceptive  discoveries  of  a  perpetual  motion  are  to-day  completely 
devoid  of  interest.  Nevertheless,  it  is  from  a  new  application  of  these  appar- 
ently thoroughly  explored  principles  that  the  entire  mechanical  heat  theory  has 
arisen. 

It  will,  for  our  purposes,  be  sufficient  to  give  heed  to  these  two  rules  : 

First,  always  to  recognize,  together  with  the  outward  and  visible  motions  of 
any  machine,  those  less'  perceptible  interior  motions  of  the  atoms  of  iaodies 
which  escape  observation  by  our  senses. 

Second,  whenever,  following  customary  theories,  we  meet  with  a  force 
whose  mode  of  action  does  not  agree  with  the  general  laws  of  action  of  natural 
forces,  we  must  regard  this  force  as  a  mathematical  fiction,  and  seek  to  e8tal>- 
Ush  its  true  nature. 

Without  these  two  maxims  every  theory  of  machines  must  lead  astray ; 
every  machine  in  motion  must  appear  as  a  direct  contradiction  of  the  law  of 
equality  of  the  work  of  the  motive  power  and  the  work  of  the  resistance,  or  as 
a  solution  of  the  problem  of  perpetual  motion.  The  only  means  of  avoiding 
such  contradiction  would  be  to  propound  views  as  to  the  nature  and  mode  of 
action  of  heat,  whose  scope  would  exceed  that  of  the  simple  circle  of  pheno- 
mena which  first  suggested  them. 

n. 

Next,  we  assert  that  in  no  machine  which  has  attained  a  state  of  uniform 
motion  can  the  work  of  the  resistances  be  equal  to  the  work  of  the  moving 
forces.  Although  this  assertion  appears,  in  view  of  the  al)ove,  paradoxical,  yet 
it  simply  expresses  what  at  bottom  can  be  found  in  any  text-book  upon  mechan- 
ics. It  is  nothing  more  than  the  true  interpretation  of  the  preponderance  of 
the  work  of  the  moving  forces  compared  with  that  which  we  call  the  "  useful 
work." 

Let  us  consider  an  hydraulic  machine  which  is  designed  to  raise  water,  i.^., 
to  produce  an  effect  similar  to  that  which  it  receives.    This  will  simplify  the 

*  See  Note  1,  at  the  end  of  theae  lectuxes. 
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comparison  of  the  two  kinds  of  work.  In  a  machine  of  this  kind  a  certain 
quantity  of  water  enters  in  a  given  time,  falls  through  a  certain  distance  per- 
forming work,  and,  if  the  machine  is  perfect,  departs  with  the  velocity  which 
it  had  l)efore  falling.  The  product  of  the  weight  of  water  and  the  height  of 
fall  is  evidently  the  work  of  the  moving  force.  In  the  same  time,  the  machine 
takes  a  certain  quantity  of  water  from  some  reservoir,  it  may  be  from  the  very 
stream  which  furnishes  the  motive  water  itself,  and  raises  it  up  to  another  and 
higher  reservoir.  This  negative  work,  against  gravity,  is  the  product  of  the 
weight  of  water  raised,  into  the  difference  of  level  between  the  two  reservoirs, 
and  is  what  we  call  the  "  useful  wark.^* 

Now,  every  one  knows  that  this  useful  work  is  only  a  fraction  of  the  work 
of  the  moving  force.  This  fact  is  ordinarily  accounted  for  by  the  considera- 
tion of  what  we  call  the  "  passive  resistance,"  that  is,  by  the  assumption  of 
forces  which  oppose  the  motion  of  the  machine,  and  thus  perform  a  negative 
work  exactly  equal  to  the  excess  of  the  work  of  the  moving  force  above  the 
useful  work.     Let  u/i  see  what  value  this  explanation  has. 

There  is  one  part  of  the  passive  resistance  of  somewhat  indefinite  amount. 
To  this  belong  every  contribution  of  velocity  to  surrounding  bodies,  either  to 
the  air  or  to  the  foundations,  which  theory,  of  course,  assumes  as  firm.  All 
these  constitute  a  useless  development  of  living  force  at  the  expense  of,  and 
equivalent  to,  a  certain  fraction  of  the  work  of  the  moving  force.  In  by  far 
the  greater  number  of  cases,  however,  these  constitute  the  least  portion  of  the 
work  of  the  passive  resistances.  Much  the  greatest  portion  must  nearly  always 
be  attributed  to  the  action  of  a  certain  special  force  which  bears  the  name  of 
**  friction,"  and  to  this  force  we  now  wish  to  call  special  attention. 

What,  then.  Is  friction  ?  It  is  purely  a  resisting  force,  incapable  of  causing 
motion  in  the  machine,  or  of  increasing  its  velocity.  It  is  a  force  which  always 
tends,  when  two  surfaces  in  contact  move  with  different  velocities,  to  diminish 
the  velocity  of  the  fastest. 

It  is  not  an  elementary  work,  but  the  result  of  actions  which  occur  between 
the  molecules  of  the  rubbing  surfaces.  We  know  little  or  nothing  of  these 
actions,  more  than  that  tliey  must  obey  the  general  laws  which  we  have  laid 
down  just  now,  while  speaking  of  perpetual  motion.  We  do  not  need,  how- 
ever, to  know  anything  whatever  about  them,  in  order  to  demonstrate  that 
they  can  furnish  no  work,  and  hence  can  give  no  information  as  to  the  facts  to 
be  accounted  for.  In  machines,  ordinarily,  rubbing  surfaces  are  ground  down, 
also  the  lubricating  materials  undergo  a  change.  We  might  suppose  that  the 
work  corresponding  to  such  molecular  changes  was  the  exact  equivalent  of  that 
portion  of  the  excess  of  the  work  received  over  that  performed,  which  we 
ascribe  to  friction.  But  it  is  easy  to  conceive  of  a  machine  whose  rubbing  sur- 
faces are  so  smooth  and  of  such  hard  material  as  not  to  rub  down  perceptibly 
in  a  long  time ;  it  would  not  indeed  be  difficult  to  practically  realize  such  a 
machine.  If  we  consider,  in  such  a  case,  the  work  of  molecular  forces,  which 
is  the  cause  of  the  friction,  during  the  period  between  two  precisely  identical 
positions  of  the  machine,  it  is  at  once  evident  that  this  work  must  be  zero,  be- 
cause at  the  beginning  and  end  of  the  period  the  relative  positions  of  the  mole- 
cules is  the  same. 

Where,  then,  does  the  ordinary  explanation  of  the  excess  of  the  work  received 
over  the  useful  work  lead  ns  ?    Can  we  recognize  in  it  anything  else  than  a 
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pare  mathematteal  fiction,  which  maj  perhaps  be  usefal  as  a  temporary  pres- 
entation of  an  unknown  process,  bat  which  must  l>e  rejected  by  every  one  not 
prepared  to  deny  the  must  certain  conclusions  of  science  ?  Must  we  not  con- 
clude, that  in  every  case  where  we  have  friction  without  change  of  surface, 
there  must  be  some  unobserved  change,  which  is,  in  fact,  equivalent  to  work, 
and  which  seems  to  alieorb  the  friction  ? 

To  the  eye  of  the  pure  mechanic  no  such  change  may  be  apparent,  the 
physicist,  however,  without  doubt,  will  recall  a  well-known  phenomenon, 
familiar  even  to  ordinary  experience,  and  which  has  already  more  than  once 
been  the  subject  of  scientific  investigation.  I  speak  of  the  increcuie  of  temperct- 
ture  which  always  takes  place  when  surfaces  are  rubbed,  and  which  is  more 
considerable  the  greater  the  friction ;  or,  what  amounts  to  the  same  thing,  the 
greater  the  unexplained  loss  of  work. 

Without  pausing  to  recapitulate  the  laws  of  this  phenomenon,  let  us  direct 
attention  to  its  essential  character.  It  is  a  heating  which  corresponds  to  no 
cooling  of  any  other  part  of  the  machine.  It  is  not  another  distribution  of  heat 
which  already  existed,  but  it  is  a  generation,  or,  still  better,  an  actual  creation 
of  heat.  What  is  more  natural  than  to  recognize  in  this  the  equivalent  of  the 
excess  of  the  work  received  over  the  useful  work,  which  we  are  otherwise  at  a 
loss  how  to  accoxmt  for? 

IIL 

In  order  to  estimate  the  value  of  this  supposition,  let  us  consider  a  kind  of 
action  entirely  different  from  that  which  takes  place  in  machines — vk,,  the 
phenomena  of  radiant  heat.  Let  us  recall  the  experiments  of  Delarocbe,  B^- 
rard,  Melloni,  Knoblauch,  Tyndall,  and  other  physicists,  upon  what  are  called, 
both  in  popular  and  in  scientific  parlance,  '*  heat  rays." 

These  experiments  are  in  complete  accord  with  those  by  which  the  true 
nature  of  light  is  revealed,  and  as  the  view  held  to-day  as  to  the  nature  of 
light  is  held  by  all,  we  are  in  like  manner  forced  to  conclude  that  heat  ^ys  are 
nothing  else  than  a  certain  vibratory  motion  of  the  ether  of  space.  Thus,  in 
accordance  with  experiment,  we  say,  that  if  a  body  is  brought  near  to  another 
of  lower  temperature,  certain  vibrations  are  generated,  which  follow  certain 
laws.  Upon  these  vibrations  depend  the  phenomena  of  the  imparting  of  heat, 
and  under  certain  circumstances  they  are  capable  of  acting  upon  our  eyes  so  as 
to  give  rise  to  the  phenomena  of  light  also.  We  have  no  reason  to  suppose 
that  the  two  kinds  pf  phenomena  have  different  causes. 

This  fundamental  identity  of  radiant  heat  and  light  was  demonstrated  twenty 
years  ago  ♦  by  Melloni  in  his  paper  "  Upon  the  Identity  of  Rays  of  all  Kinds," 
read  before  the  Academy  at  Naples,  February  2, 1842.  Still,  Melloni  recog- 
nized that  an  important  step  remained  to  be  made  to  complete  the  demonstra- 
tion. The  interference  of  heat  rays  had  not  yet  been  experimentally  shown ; 
no  one  had  yet  succeeded  by  two  rays  of  heat  in  producing  cold,  as  by  two  - 
rays  of  light,  under  proper  conditions,  darkness  had  been  caused.  Five  years 
later,  Fizeau  and  Foucault  detailed,  in  a  paper  before  the  Academy,  experi- 
ments by  which  the  interference  of  heat  was  made  as  evident  as  that  of  light 
{Camptea  reTidus,  Vol.  XXV.,  and  Poggend,  Annalen,  Bd,  72.) 

*  Theae  lectures  were  deliTered  by  Verdet  in  1808. 
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After  this,  aot  &  single  doabt  mmakied  to  oppose  to  a  theoty  wUeh  reeogw 
niied  in  the  heat  rays  a  system  of  vibrations.  We  shall  consider  it  as  an 
undoiibted  fact^  that  in  a  body  which  is  brought  to  a  higher  temperatnze, 
Tibratlons  of  its  molecales  are  caused ;  in  other  words,  the  body  contains  a 
certain  amount  of  U/cing  force.  While  another  body  of  higher  temperatare» 
which  serves  as  a  eonrce  of  heat,  causes  this  development  of  living  force,  it 
oools  gradually  itself. 

Inversely,  when  the  vibrations  which  constitute  a  system  of  heat  rays  meet 
a  body  which  possesses  the  property,  as  we  say,  of  "  absorbing  heat,"  and 
become  diminished  or  disappear,  the  body  becomes  heated. 

Tbe  cooling  of  a  body  by  radiation,  therefore,  corresponds  to  the  generatioa 
in  other  bodies  of  a  certain  amount  of  living  force ;  tbe  heating  of  a  cold  body 
by  tbe  absorption  of  radiant  heat,  on  the  other  hand,  corresponds  to  a  diminu- 
tion of  living  force  in  others.  Heating  and  oooling,  therefore,  are  phenomena 
of  the  same  kind,  whatever  may  be  their  cause.  They  must,  in  all  cases,  be 
considered  as  pure  mechanical  operations.  Heating  can  only  be  the  sum  total 
of  those  changes  which  talce  place  during  the  disappearance  of  a  certain  amount 
of  living  force  ;  •.«.,  either  a  performance  of  work  or  a  development  of  living 
force,  or  a  combination  of  both.  It  is  evident  that  heating  corresponds  to 
mechanical  work. 

Heat  acts  to  change  the  volume  of  bodies,  the  molecules  are  forced  farther 
apart  against  their  forces  of  attraction,  and  thus  a  negative  work  is  performed* 
At  the  same  time  occurs  that  change  of  the  properties  of  the  body  which  we 
call  rise  of  temperature,  and  it  is  easy  to  see  in  it  the  effect  of  the  change  in 
the  sum  of  the  living  forces  of  the  molecules. 

It  makes  very  little  difference  whether  we  accept  or  reject  these  last  conclu- 
sions ;  it  is  none  the  less  certain  that  the  heating  of  a  body  represents  a  certain 
performance  of  work  and  the  development  of  a  certain  amount  of  living  force, 
or  still  better,  U  such  force.  The  work  in  question  consists  of  molecular  dis- 
turbances which,  indeed,  escape  observation,  and  are  only  visible,  6nally,  in 
the  change  of  form  and  dimensions  of  the  body  ;  the  living  force  is  also  as 
difficult  of  direct  observation,  and  consists  neither  of  the  motion  of  the  body  as 
a  whole,  nor  of  directly  visible  motions  of  its  parts,  such,  for  example,  as  con- 
stitute sound  phenomena.  It  consists,  in  all  probability.  In  vibrations  of  the 
smallest  particles  of  matter,  and  eludes  our  senses.  Considered  from  a  me- 
chanical standpoint,  these  speculations  have  no  importance,  and  cannot  prevent 
our  recognizing  in  the  heating  of  a  body,  mechanical  work,  just  as  plainly  and 
as  certainly  as  in  the  raising  of  a  weight  or  the  motion  of  a  projectile. 

IV. 

Let  us  return  now,  in  the  light  of  these  new  principles,  to  the  consideration 
of  the  machine  which  we  have  instanced,  and  those  questions  which  theu  arose 
will  now  find  immediate  solution.  The  KtaJt  which  is  developed  at  those  points 
where  friction  occurs  is  a  mechanical  phenomenon,  a  combination  of  mechanical 
work  and  living  force  in  a  relation  which  we  shall  determine  more  precisely 
hereafter.  It  is  evident  that  this  heat  may  be  equivalent  to  the  difference 
which  exists  between  the  work  of  the  motive  forces  and  the  useful  work,  the 
explanation  of  which  we  have  been  seeking,    I  say  may  6e,  and  you  will,  per- 
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bap0,  be  indibed  to  add»  mmai  he.  The  equation  of  work  moat  neoesaarily  be 
satisfied  at  every  instant,  only  we  most  not  limit  it  to  those  living  forces  or 
visible  effects  which  are  asnally  alone  considered)  but  we  mast  also  include 
tboee  liviDg  forces,  or  that  work,  which  we  know  in  the  shape  of  heat.  If  we 
neglect  this  term  of  the  equation  of  works,  the  fundamental  theorem  of  applied 
mechanics  may  indeed  appear  incorrect,  but  by  its  introduction  all  difficulties 
disappear. 

Having  now  arrived  at  this  point,  we  can  sabmit  the  correctness  of  our 
oondosions  to  the  test  of  experiment.  We  may  seek,  for  instance,  whether  it 
is  really  true  that  the  heat  generated  by  friction  in  a  machine  is  exactly 
equivalent  to  the  unexplained  difference  between  the  useful  work  and  that 
received.  Although,  indeed,  it  may  be  impossible  to  measuze  this  quantity  of 
heat  in  the  condition  of  living  force  or  work,  as  we  measure,  for  instance,  the 
work  of  gravity  npcm  a  Ixidy  of  one  pound  weight  which  falls  through  one 
foot,  still  we  may  measure  it  relatively  by  comparison  with  another  quantity  of 
heat,  which  may  be  sharply  defined  and  taken  as  unity. 

The  result  of  such  a  procedure  will  give  us  this  quantity  of  heat  eoBpreeeed 
irt  ierme  ofiheae  uaUe,  and  then  if  we  know  the  ratio  of  this  unit  of  heat  to  the 
unit  of  work,  that  is,  the  number  of  foot-pounds  or  meter-kilograms  corre- 
spending  to  each  heat  unit,  we  can  easily  find  the  work  equivalent  to  the  heat, 
which  will  be  the  difference  between  the  useful  woi^  and  the  work  originally 
Imparted.  This  constant  ratio  will  therefore  determine  the  mechanical  value 
of  those  heat  effects  which  we  assume  as  constituting  one  unit  of  heat. 

This  has  l>een  established  by  experiment.  The  physfceist  Joule,  who  has 
perhaps  contributed  more  than  any  one  else  to  the  science  of  Thermodynamics, 
has  investigated  friction  of  various  kinds  in  such  a  way  as  to  determine  the 
amount  of  heat  developed  in  comparison  to  the  work  expended.  He  used  a 
very  simple  mechanism,  which,  by  means  of  a  falling  weight,  set  in  motion  a 
small  paddle-wheel,  which  turned  while  immersed  in  water  or  mercury,  the 
motion  of  the  liquid  being  prevented  by  partitions.  The  friction  of  the  liquid 
particles  upon  each  other,  upon  the  partitions  and  upon  the  paddles,  generated 
a  certain  amount  of  heat,  which  could  be  estimated  from  the  rise  of  tempera- 
ture of  the  various  parts  of  the  apparatus.  The  work  corresponding  to  this 
heat  was  given  by  the  fall  of  the  weight  used,  due  regard  being  liad  for  the 
friction  of  those  parts  of  the  machine  out  of  the  liquid.  Thus  was  determined 
the  ratio  of  the  mechamcal  work  expended  to  the  heat  produced.  Experiments 
with  water  gave  for  every  unit  of  heat,  that  is,  for  every  kilogram  of  water 
raised  one  degree  Centigrade,  the  equivalent  work  of  424  meter-kilograms. 
(If  we  take  as  the  unit  of  heat,  one  pound  of  water  raised  one  degree  OenU* 
grade,  we  have  about  1  ,S90  foot  lbs.  If  we  take  one  pound  of  water  raised  one 
degree  FahrenheU,  we  have  about  772  foot  lbs.  All  three  equivalents  are  in 
use.) 

Experiments  with  mercury  gave  425  meter-kilograms,  or  very  precisely  the 
same  as  water.  Joule  made  still  a  third  determination,  with  an  iron  ring  in- 
stead of  a  paddle-wheel,  which  ring  he  caused  to  rub  upon  an  iron  plate  im- 
mersed in  water,  and  found  in  this  case  426  meter-kilograms. 

You  will  doubtless  be  surprised  at  the  dose  correspondence  of  these  three 
numbers..  When  I  add  that  each  is  the  mean  of  a  large  number  of  determina- 
tions,  it  will  be  readily  confessed,  that  in  this  work  of  Joule,  classic  even  to« 
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day,  is  found  the  experimental  verification  of  oar  new  principle.  Yon  will 
admit  that  the  mean  of  the  determinations  for  water,  which  are  regarded  as 
the  most  reliahle,  or  424,  represents  with  tolerahle  exactness  the  quantity  of 
work  which  is  the  equivalent  of  that  living  force  among  the  particles  of  a  body, 
to  which  we  give  the  name  of  "  one  heat  unit."  Let  us  pause  a  moment  to 
consider  the  significance  of  this  number.  It  expresses,  that  from  a  mechanical 
standpoint,  we  produce  two  equivalent  effects,  whether  we  generate  one  unit 
of  heat,  or  whether  we  raise  424  kilograms  through  one  meter.  In  other 
words,  in  every  application  of  the  equation  of  works,  in  which  we  take  account 
of  both  the  living  force  of  heat,  and,  at  the  same  time,  of  the  work  of  the  visi- 
ble forces,  we  must,  for  every  unit  of  heat,  add  424  units  to  the  negative  work 
or  to  the  living  forces.  This  relation  is  Independent  of  the  special  method  of  the 
production  of  heat  by  friction.  It  foUows  from  principles,  whoso  generality 
has  already  been  proved,  that  424  can  be  in  etery  e<ue  regarded  as  the  MBCHAir- 
iCAL  EqtnYALEirr  of  heat. 

If  it  should  possibly  appear  rather  premature  to  consider  this  definite 
numerical  value  as  absolutely  correct,  still  no  objections  can  be  urged,  and  no 
doubt  remain  as  to  the  entire  correctness  of  the  principle  of  the  equivalence  of 
work  and  heat ;  for,  making  allowance  for  errors  unavoidable  in  all  experi- 
ments, the  most  diverse  determinations  all  agree  in  giving  us  the  same  value. 

V. 

We  find  the  first  confirmation  of  Joule's  experiments  in  the  researches  of 
Favre  upon  the  friction  of  steel  on  steel :  but  we  shall,  for  a  moment,  pass 
over  such  confirmations,  in  order  to  direct  attention  to  still  another  oontradie- 
tion  which  seems  to  exist  l>etween  the  usual  theory  of  machines  and  general 
mechanical  laws,  which  is,  in  a  certain  sense,  the  opposite  of  the  preceding, 
and  which  only  disappears  when  we  apply  those  principles  which  we  have 
already  deduced.  It  can  be  easily  shown,  that  if  we  depart  from  these  princi- 
ples, every  machine  which  is  moved  by  heat  can  be  regarded  as  a  perpetual 
motion,  which  continually  generates  living  force  in  surrounding  bodies,  with- 
out any  change  in  its  own,  without,  in  fact,  a  positive  work  of  the  motive  forces 
equivalent  to  the  living  forces  generated. 

Let  us  take  as  an  example  that  most  important  and  well-known  machine  of 
our  civilization — the  steam-engine.  Consider,  then,  with  me  a  machine  which 
has  arrived  at  the  condition  of  its  normal  activity,  and  in  order  to  fix  our  ideas, 
let  us  take  a  condensing  engine.  What  takes  place  during  one  revolution  or 
one  double  stroke  of  the  piston  ?  A  certain  quantity  of  water  of  low  tempera- 
ture is  forced  by  the  feed-pump  into  the  boiler,  it  is  there  heated  and  converted 
into  saturated  steam  of  a  temperature  above  100°  G.  The  water  in  this  new 
condition  enters  the  cylinder,  raises  the  piston,  expands  in  volume,  and  finally 
returns  to  the  condenser,  where  it  retakes  its  origfinal  condition,  viz.,  water  of 
low  temperature.  We  have  thus,  at  the  end  of  this  cycle  of  changes,  every- 
thing in  the  same  condition  as  at  first.  Not  only  are  all  parts  of  the  machine 
in  the  same  relative  position,  but  the  moving  agent  also  has  returned  to  pre- 
cisely its  original  condition.  (The  amount  of  water  which  is  injected  Into  the 
condenser,  in  order  to  condense  the  steam,  need  cause  no  confusion  ;  this  water 
is  simply  a  cooling  agent,  which  might  be  replaced  by  any  other  without  chang- 
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ing  the  operation  of  the  machine.  Thus,  for  example,  we  may  have  for  the 
oondeuser  a  spiral  pipe  immersed  in  cold  water,  and  which,  therefore,  contains 
onlj  that  amount  of  water  which  is  osed  in  one  stroke  of  the  piston.)  In  such 
a  case,  it  is  at  once  evident  that  at  the  beginning  and  end  of  each  period  of  the 
machine,  the  conditions  lK>th  of  the  fluid  motor  and  of  the  mechanism  are  pre- 
ciselj  the  same,  and  we  can  at  once  conclude  that  the  sum  of  the  works  during 
that  period  within  the  machine  must  be  zero.  This  separation  of  the  motive 
and  cooling  fluids  is,  in  fact,  actually  accomplished  in  those  engines  worked  bj 
ether  or  chloroform  steam  ;  it  would  be  in  like  manner  allowable,  in  principle 
at  least,  in  ordinary  steam-engines.  The  motive  work  ,of  the  steam  is  com- 
puted, like  the  work  of  friction,  by  an  empirical  expression  for  an  imperfectly 
known  fact.  In  reality,  the  sum  of  the  works  of  all  the  elementary  forces,  %,e,, 
the  work  of  the  mutual  actions  exerted  by  the  molecules  of  the  liquid,  of  the 
steam  and  of  the  parts  of  the  machine,  are  equal  to  zero.  And  yet  the  machine 
Is  continually  imparting  living  force  to  exterior  bodies,  raising  weights,  shaping 
metals,  in  short,  performing  work.  Perpetual  motion  seems  accomplished. 
The  outer  work  of  the  machine  does  not  seem  to  correspond  either  to  an  equiv- 
alent work  within  the  machine,  nor  yet  to  a  disappearance  of  living  force. 

Such,  at  least,  is  the  state  of  things  so  long  as  we  recognize  in  the  steam- 
engine  purely  mechanical  processes  only ;  so  long,  at  least,  as  we  do  not  search 
for  other  living  forces  than  those  possessed  by  the  visible  portions  of  the  ma- 
chine. The  diflftculty,  however,  vanishes  as  soon  as  we  take  into  account  the 
living  force  of  the  heat.  During  the  action  of  the  machine,  the  steam  gener- 
ated takes  away  heat  with  it  from  the  boiler,  and  gives  up  heat  in  the  con- 
denser, where  it  becomes  water  again.  If  these  two  quantities  of  heat  were 
equal,  the  diflSculty  already  noticed  would  still  hold  in  full  force.  If,  however, 
they  are  not  equal ;  if  the  quantity  of  heat  received  by  the  condenser,  or  carried 
away  by  the  cooling  water,  is  less  than  that  furnished  by  the  boiler,  then  the 
diflSculty  is  solved.  The  disappearance  of  a  certain  quantity  of  heat  during 
the  cycle  of  changes,  corresponds,  in  fact,  according  to  our  new  principle,  to 
the  disappearance  of  a  certain  amount  of  living  force. 

In  the  same  time  in  which  outer  work  is  performed  by  the  machine,  or  liv. 
ing  force  is  developed,  an  equivalent  quantity  of  living  force  disappears  within 
the  machine,  and  the  general  laws  of  mechanics  hold  good. 

In  order  to  confirm  this  conclusion  experimental  proof  is  necessary.  We 
must  measure,  on  the  one  hand,  the  work  of  the  machine,  and  on  the  other, 
the  loss  of  heat  within  the  machine,  and  then,  if  uur  conclusions  are  correct, 
there  must  be  found  between  the  two  a  certain  constant  relation. 

The  necessity  for  the  existence  of  such  a  constant  relation  will  be  evident, 
without  repeating  the  considerations  which  in  the  case  of  friction  led  us  to  a 
similar  conclusion.  ' 

For  every  unit  of  heat  which  disappears  in  the  machine,  it  must  furnish 
424  units  of  outer  work,  or  it  must  generate  an  equal  quantity  of  living  force. 

The  experiment  is  diflKcult,  much  more  so  than  the  experiments  of  Joule 
upon  friction  ;  but  it  has  been  performed,  and  without  going  into  details,  I 
will  endeavor  to  point  out  the  various  operations  which  compose  it.  In  an  en- 
gine whose  motion  has  become  constant,  the  quantity  of  steam  used  for  a  cer- 
tain number  of  strokes  is  measured  ;  the  physical  condition  of  this  steam  as  it 
enters  the  cylinder  from  the  boiler  is  exactly  determined  by  measuring  its  tem- 
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pentnre  and  pressure  ;  we  also  so  arrange  tliat  it  shall  enter  the  cylinder  with- 
out carrying  with  it,  mechanically  suspended  *  any  appreciable  amount  of  watery 
particles,  and  without  being  heated  above  its  point  of  saturation.  All  these 
conditions  being  satisfied,  we  have,  in  connection  with  our  knowledge  of  the 
total  heat  required  for  yaporization  (made  known  by  the  experiments  of  Beg- 
nault),  all  the  data  which  we  need  in  order  to  calculate  the  amount  of  heat 
used  in  a  given  time  in  order  to  oonvert  the  water  in  the  oondensar  into  steam. 

On  the  other  hand,  we  can  find,  without  great  difficulty,  the  quantity  of 
heat  which  in  the  same  time  is  given  up  in  the  condenser.  It  is  sufficient  to 
determine  the  quantity  of  water  used  for  cooling,  which  is  necessary  to  pre- 
serve the  temperature  of  the  condenser  constant  in  spite  of  the  continual 
admission  of  steam,  and  also  the  temperature  of  the  condenser  and  that  of 
the  reservoir  from  which  the  cooling  water  is  taken. 

Thus,  in  the  first  case,  if  the  water  to  be  converted  into  steam  entera  the 

holler  with  the  temperature  of  0°,  and  if  T  Is  the  temperature  of  the  steam, 

we  have,  according  to  Regnault's  experiments,  for  the  fonnatlon  of  each  unit 

in  weight  of  steam, 
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heat  units.  But  the  water  comes  from  the  condenser  where  the  tomx)enture 
is  T;  the  heat  received,  therefore,  is  less  than  that  which  is  necessary  to  raise 
each  unit  in  weight  of  water  from  0"*  to  T°  by  the  amount  which  is  necessary 
to  raise  it  from  0°  to  f,  o^  by  t  heat  units.  This  Is,  regarding  the  specific 
heat  of  the  water  as  constant,  tolerably  exact  for  those  limits  of  temperature 
which  the  condenser  never  exceeds. 

In  the  second  case,  let  V  be  the  temperature  of  the  condenser,  and  0  the 
temperature  and  p  the  weight  of  the  injection  water  in  a  given  time.  The 
heat  given  out  by  the  concentration  of  the  steam  must  be  equal  to  that 
absorbed  by  the  injection  water.  This  heat  is,  then,  that  which  Is  necessary 
to  raise  p  units  weight  of  water  from  d°  to  T,  or  it  is  equal  to 

p  r-  n 

The  calorimetric  part  of  the  experiment  is  completed  by  determining  and 
adding  the  losses  of  heat  due  to  conduction,  radiation,  and  distarbances  of  the 
air.  The  most  difficult  part  of  the  experiment  is  the  mechanical.  In  deter- 
mining the  total  work  of  the  machine  we  cannot  use  the  friction  brake.  If  we 
do,  we  shall  only  determine  the  useful  work,  to  which  we  should  then  have  to 
add  the  work  absorbed  by  the  passive  resistances,  which  latter  are  almost 
impossible  of  exact  determination.  We  must  therefore  adopt  an  entirely 
different  method.  Tims,  by  means  of  the  steam  indicator,  we  can  find  the 
mean  pressure  of  the  steam  upon  the  piston,  and  then,  knowing  the  length  of 
stroke,  can  determine  accurately  the  total  work  performed.* 


*  Thas  we  may  conceive,  instead  of  the  actual  presanre  of  the  ateam  upon  the  piston,  a 
sinking  weight  and  pulley  so  arranged  that  the  motion  of  the  machine  is  unchanged.  The 
woric  of  the  falling  weight  is  that  which  we  call  the  motive  work  of  the  machine,  and  is  exactly 
that  which  we  obtain  by  the  measurement  in  the  text.  In  reality  there  is  a  complete  compen- 
sation between  the  positive  and  negative  work  of  the  forces  in  the  machine.  The  rising  of  the 
piston  is  a  constant  action,  and  the  mechanism  requires  for  this  action  a  force  of  definite  inten- 
sity. We  can,  therefore,  without  contradiction,  continue  to  speak  of  the  work  of  the  steain  in 
the  machine.  We  shall  further  see  that,  very  probably,  the  steam  raises  the  piston  by  hnpeitlng 
a  portion  of  the  living  force  of  ito  molecolea.    See  Note  11,  at  the  end  of  tiieae  lectorea. 
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The  nacMBltj  of  determining^  suMeeaiTe  tkIum  of  a  pTeosnra  which  ykAxm 
lapldl;,  prevents  the  use  of  the  ordinary  manometric  appamtiui,  by  which  the 
elastic  force  of  ateajn  maj  l>e  meuared  with  xlmoet  absolute  exactness.  We 
have  to  make  oae  of  the  steam  indicator.  In  spite  of  the  inaccuracies  of 
tluB  inatrument,  nhich  was  constructed  to  meet  practical  needs  rather  than 
those  of  eeientlfle  InvestigaUon,  the  resnlta  obtt^ned  anawer  nnnUstakablr 
the  question  at  iasne.* 

This  long  and  laborious  work,  the  chief  steps  of  which  we  have  tbns 
deUuled,  has  Iwen  enccessfally  performed  by  Blra,  who  knew  how  to  make 
nee  of  a  large  factory  for  the  solution  of  an  abstract  qnesiJon  of  science. 
His  measurements  were  made,  not  upon  a  miniature  modul  In  a  scientific 
collection,  nor  in  the  laboratory  ;  bat  ttpon  engines  of  100  aod  200  horse- 
power, and  in  the  Teiy  halls  of  indnatrj.  These  circnmstances  bad  two 
especial  advanta^H,  On  the  one  hand  they  met  the  objections  of  pnunleal 
men,  who  are  disposed  to  regard  with  distrust  what  they  call  "  cabinet  ezperi- 
menta  ; "  on  the  other  band,  and  this  is  sttll  more  important,  by  reason  of 
the  large  dimensions  of  apparatus  and  the  Ion;  dnratioo  of  the  experiments, 
thoee  tbonsand  accidental  disturbances  which  eTer  attMid  new  dlscoreriea 
could  be  eliminated. 

•  The  tndlealor  coniliti  at  a  Bmall  cylinder  C,  F<g.  t,  wllhln  wblch  move*  the  piston  K, 
attacbed  In  Un  tpring/.  Tbe  epics  below  tbe  plitoa  commaDlutae  wllb  (be  cfllnder  of  the 
engine.  Ae  tlie  pmniTe  increuea  or  dlmlnlehiie,  tbe  pletoa  rises  or  fills.  A  pencil  0,  wbicb 
putikei  ot  the  moUon  of  (be  pIMon,  dtscilbee  a  Una  npon  a  Help  ol  papac  woond  aionnd 
tbe  dram  0.  Tbli 
diDin  Is  tnade  Co  re- 

dul  tx\»  by  meane 
of  a  cord  end  pall  ey. 
The  cord  letds  to 
the  crow-bead  or 
tome  reclprocallDg 
pert  coDDMted  wfth 
the  plilon.  By 
meini  of  ■  spriog 
witblD  the  drum,  It 

beck  dnitng  (be  re-  A 

pendlOtbDS  traces 
■  dosed  carve,  lbs 
length  orwblchrep- 
reeenie  (be  stroke, 
and  the  nrylDg 
helRbl  of  which  rep. 
resenu  the  prcnura 
a  t  correspoDdlng 
poeitlone  o[  (he  pis- 
ton. It  the  plitoD 
were  wltbon(  frlc- 


from  (he  straight  line  described  when  thepreanne  on  both  sldej  of  the  piston  Is 
eqnsl  (o  (he  itinoepberlc  pressof*.  will  be  proportlonel  to  the  loUl  ill»poe«blo  » 
[bat  ii  Is  bnpoulblc  to  correct  the  InHaence  ol  MctloD  by  sny  gcadnatloo. 
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Rightly  interpreted,  the  experiments  of  Hirn  furnished  results  which  jon, 
no  doubt,  can  anticipate.  Thej  showed  that  the  steam  actually  gave  up  less 
heat  in  the  condenser  than  it  had  received  in  the  boiler,  and  that  the  heat 
absorbed  in  the  machine  was  proportional  to  the  actual  work  of  the  steam. 
The  ratio  of  these  two  quantities  furnished  a  new  determination  of  the  mechani- 
cal equivalent  of  heat,  which  nearly  approached  the  determinations  of  Joule 
and  Favre.  Thus,  although  individual  results  vary  within  considerable  limits, 
the  mean  of  Him's  experiments  gives  418,  or  just  the  same  as  that  found  by 
Favre  for  the  friction  of  steel  on  steel,  and  but  very  Httle  different  from  the 
results  of  Joule.  It  must  he  confessed  that  Hirn  drew  entirely  different  con*^ 
elusions  from  his  experiments ;  but  you  will,  I  think,  hardly  be  inclined  to 
coincide  with  h4s  views.  He  compared  the  heat  consumption  of  his  engine, 
not  with  the  entire  work  of  the  steam,  but  only  with  that  portion  correspond- 
ing to  its  expansion.  Ton  will  also,  I  think,  agree  with  me,  that  such  a 
division  into  two  parts  of  the  work  is  equivalent  to  the  assumption  that,  in 
the  period  preceding  expansion,  while  the  machine  works  with  full  steam 
pressure,  its  work  is  nothing,  and  that  appreciation  which  is  the  just  due  of 
the  skillful  experimenter  will  not,  I  trust,  blind  you  to  the  error  of  his  con* 
elusions.*  (It  is  but  just  to  add  that  in  later  works  Him  has  acknowledged 
his  error  and  correctly  interpreted  his  experiments.) 


VL 

You  will  now,  I  trust,  follow  with  confidence  the  generalizations  which  I 
ihall  lay  before  you.  We  have  now,  in  fact,  arrived  at  the  same  results  by 
two  entirely  different  ways.  The  study  of  two  phenomena,  of  entirely  differ- 
ent character,  has  shown  us,  that  as  soon  as  all  the  heat  is  converted  into  work, 
in  both  cases,  we  obtain  the  same  numerical  relation  for  tlie  transformation. 
I  might  now,  without  trespassing  against  the  rules  of  experimental  methods, 
expect  you  to  recognize  in  this  a  perfectly  general  relation.  I  might  remind 
you  that  the  greatest  scientific  discoveries  are,  for  the  most  part,  the  result  of 
no  larger  number  of  experiments,  and  a  no  better  agreement  of  results.  I 
would  like,  however,  to  remove  every  lingering  trace  of  doubt,  and  prove  to 
you  that  it  is  impossible  for  two  different  experiments  to  give  as  a  value  for 
the  mechanical  equivalent  two  essentially  different  results,  i.  «.,  two  values, 
whose  difference,  if  any,  cannot  be  entirely  ascribed  to  unavoidable  errors  of 
observation. 

In  honor  of  Joule,  to  whom  we  owe  its  first  exact  determination,  let  us 
denote  the  mechanical  equivalent  by  J,  Let  this  be  the  value  as  determined 
by  observations  upon  the  steam  engine,  and  let  us  suppose  for  a  moment 
that  this  value  does  not  coincide  with  that  determined  in  some  other  manner. 
That  is,  suppose  that  we  are  able  by  the  expenditure  of  a  certain  amount  of 

work,  X,  to  generate  a  greater  amount  of  heat  than  -*.    Let  this  amount  of 

heat  be  L  ..      .^ 

J  (1  +  A), 


*  See  Notes  2  and  8  at  close  of  these  lectares,  also  Note  88. 
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and  let  us  sappoee  that  it  Is  then  applied  in  a  steam  engine  for  the  production 
of  work.    The  work  obtained  will  then  be 

or,  what  is  the  same  thing,  we  have  stored  up  in  the  flj-wheel  of  the  engine  a 
living  force 


This  liying  force  we  can  now  convert  back  into  heat  by  the  first  process,  and 
we  thus  obtun  the  heat 

X  (1  +  A)  ..      _.       L  ,^      -^. 
J       (1  +  A)  =  J  (1  -h  Ay. 

Again,  using  this  quantity  of  heat  in  the  steam  engine,  we  obtain  in  the 
fly-wheel  a  living  force 

X(l-fA)«, 

and  accordingly  a  velocity  greater  than  before. 

Bat  the  steam  engine  and  the  other  apparatus,  whatever  it  may  be,  by 
wliich  the  work  Is  transformed  into  heat,  may  be  considered  as  forming  one 
system.  It  follows,  tberefore,  from  our  supposition,  that  in  any  period  daring 
which  all  the  moving  parts  have  returned  to  their  initial  positions,  the  living 
force  has  increased  from 

X  (1  +  A)       to       X  (1  +  hy. 

Perpetual  motion  is  therefore  accomplished.  The  s apposition  is  therefore 
impossible. 

Inversely,  let  us  consider  a  process  by  which  heat  is  transformed  into  work, 
and  assume  that  it  is  possible  by  the  use  of  a  quantity  of  heat,  Q,  to  generate 
a  greater  amount  of  work  than  QJ,  The  consequence  of  this  supposition  will 
be  a  contradiction  similar  to  the  preceding.  For  this  process  it  may  be  re- 
marked that  the  steam  engine  is  a  reversible  apparatus.  Ordinarily  it  trans- 
forms heat  into  work,  but  by  the  application  of  outer  forces  its  action  may  be 
reversed,  and  work  may  be  transformed  into  heat.  The  motion  of  the  piston, 
caused  by  outer  forces,  will  gradually  vaporize  the  water  in  the  condenser, 
and  the  steam  thus  generated  will  be  compressed  in  the  cylinder  until  it  is 
changed  into  saturated  steam  of  the  temperature  of  the  boiler,  and  finally, 
this  steam  will  be  compressed  into  water  of  the  boiler  temperature. 

The  steam  actually  brings  then  more  heat  to  the  boiler  than  it  starts  with 
in  the  condenser.  There  is  an  expenditure  of  work  and  a  generation  of  heat. 
In  order  to  obtain  perpetual  motion  nothing  more  is  necessary,  then,  than  to 
unite  in  one  system  a  steam  engine,  whose  action  is  reversed,  with  an  apparatus 
which,  according  to  the  supposition,  can  produce  from  the  quantity  of  heat  Q 
a  greater  work  than  QJ.  1  need  hardly  add  that  in  a  precisely  similar  way 
we  can  prove  that  no  process  can  give  for  the  mechanical  equivalent  any  other 
▼alue  than  the  constant  one,  J.  Our  conclusions  have  thus  brought  us  to  a 
perfectly  general  natural  law.  Let  us  endeavor  to  formulate  these  conclusions 
into  a  series  of  principles  which  shall  accurately  express  their  essence  and 
make  evident  their  application. 

1.  To  "generate  heat "  means  to  impart  to  the  ponderable  or  imponderable 
molecules  of  one  or  more  bodies  a  certain  amount  of  living  farce;  if  the  bodies 
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tlieroby  ehmBg«  Iheir  volmne,  «  oertahi  wort:  is  perforaied  which  Is  eqaiTalent 
to  a  certain  qaaotity  of  living  force. 

2.  In  every  application  of  the  equation  of  work  it  Is  neoeesaTj  to  take  into 
account  not  only  the  visible  living  forces,  but  abso,  by  means  of  the  mechanical 
equivalent,  the  heat  absorbed  or  set  free. 

8.  In  all  cases  in  which  we  fail  to  find  equilibrium  between  the  sum  of  the 
works  of  the  forces  and  the  change  In  the  living  forces,  or  when  such  equili- 
brium can  apparently  only  be  effected  by  the  introduction  of  an  empirical 
term,  as,  for  example,  by  introducing  the  work  of  friction,  or  by  the  assump- 
tion of  a  loss  of  living  force,  as  in  the  impact  of  bodies,  we  must  have,  to- 
gether with  the  mechanical,  heat  phenomena  also,  which  restore  the  equili- 
brium. 

4  When  the  sum  of  the  works  of  the  forces  exceeds  the  increase  In  the 
sums  of  the  living  forces,  we  have  a  generation  of  heat  of  Just  so  many  heat 
units  as  424  is  contained  in  such  excess.* 

5.  If  tbe  sum  of  the  work  of  the  moving  foreea  is  less  than  the  increase  in 
the  sum  of  the  living  forces,  we  have  a  disappearance  of  heat  of  just  so  many 
heat  units  as  424  is  contained  In  such  difference. 

Is  it  necessary  to  Insist  upon  the  importance  of  these  principles  ?  Who 
does  not  recognise  that  their  influence  extends  through  the  whole  range  of 
science  ?  Who  can  fall  to  see  that  every  process  which  Is  bssed  finally  upon 
motion  falls  under  the  scope  of  these  mechanical  laws  and  Includes  in  it  an 
application  of  the  equation  of  living  forces?  Who  will  not  at  once  perceive 
that  every  application  in  which  these  laws  are  not  regarded,  must  be  at  once 
rejected,  as  soon  as  it  is  known,  or  even  suspected,  that  heat  phenomena  are 
bound  up  with  the  mechanical  ?  I  venture  to  assert  that  there  is  not  a  natural 
science  which  can  elude  the  necessity  of  this  new  test.  Physiology  and  astron- 
omy have  need  of  it  equally  vdth  physics  and  chemistry. 

This  revision  of  scientific  results  is,  moreover,  not  merely  a  laborious  work 
of  correction,  which  at  most  allows  the  hope  of  discovering  in  certain  phenom- 
ena the  intiuence  of  certain  disturbing  causes  whose  effect  may  be  more  or  less 
ditflcult  of  calculation  ;  or  which  renders  more  exact  the  determination  of 
some  numerical  coefficient;  it  constitutes  one  of  the  most  fruitful  studies 
which  true  science  can  undertake,  and  is  especially  suited  to  bring  to  light 
relations  between  apparently  the  most  diverse  phenomena.  The  single  exam- 
ple of  friction  teaches  us  what  the  new  theory  can  accomplish  in  directions 
which  are  generally  supposed  to  have  been  thoroughly  investigated  already. 


VII. 

Let  us  now  endeavor  to  test  the  value  of  these  considerations,  so  far  as  Is 
possible  within  the  narrow  limits  to  which  we  must  confine  oarselves.  We 
shall  see  that,  from  the  very  first  step,  they  will  lead  us,  not  merely  to  super- 
ficial approximations,  but  to  exact  relations  which  may  be  verified  by  expert- 
ment.  The  consequence  of  such  comparisons  must  be  a  continual  verification, 
d  poeteriari,  of  the  absolute  generality  of  our  new  principles.    Let  us  first 

«  See  Note  4. 
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oonslder^  as  is  most  nataral,  the  cbanges  whfch  heat  causes  in  the  Tolnme  and 
condition  of  liodies. 

I  scarcely  need  remind  jou  that  every  body  when  it  chanfi^es  in  tempera- 
tnre  changes  also  in  yolume,  and  that  when  the  temperature  reaches  a  certain 
point  for  each  body,  that  sadden  change  talces  place  which  we  call  liquefaction 
or  Top&rizaUcni.  The  body  passes  from  the  solid  condition  to  the  liquid,  or 
from  the  liquid  to  the  gaseous,  or  the  rererse.  No  part  of  science  has  been 
oftener  investigated,  and  yet,  in  the  absence  of  our  new  principles,  no  part 
seems  to  have  made  less  progress.  The  chapters  which  treat  of  this  subject, 
even  in  the  most  recent  text-books,  contain  little  more  than  a  presentation  of 
the  most  exact  experimental  methods  of  determining  the  most  reliable  coeffi- 
cients of  expansion,  the  specific  heat  and  latent  heat  of  substances,  and  tables 
in  which  these  numerical  values  are  given.  All  these  phenomena  are  given  as 
if  entirely  independent  of  each  other. 

This  want  of  connection  between  the  various  properties  of  the  same  body, 
or  between  similar  properties  of  different  bodies,  is  certainly  very  unsatisfac- 
tory. So  long  as  no  bond  of  union  exists  between  isolated  facts,  even  the  best 
observations  can  no  more  constitute  a  science  than  carefully  cut  stones,  ar- 
ranged in  order  of  size  and  shape,  can  constitute  a  bailding. 

It  is,  moreover,  worth  observing,  that  the  actual  progress  of  science  has,  at 
certain  periods,  rather  made  this  condition  of  things  worse  than  better.  The 
condition  in  physics  has  gradually  become  what  it  might  have  been  in  astron- 
omy, if  the  perfection  of  methods  of  observation  had  progressed  mnte  rapidly 
than  the  progress  in  theory — if,  for  example,  the  discovery  of  achromatism  or 
the  improvement  in  circle  graduation  of  recent  times  had  followed  imme- 
diately the  publication  of  Eeppler's  laws,  instead  of  following,  as  they  did, 
long  after  the  discovery  of  the  universal  law  of  gravitation.  For  about  thirty 
years  science  possessed,  or  thought  that  it  x>06sessed,  in  Mariotte's  laws,  the 
laws  of  the  expansion  of  gases,*  and  the  laws  of  Dulong,  Petit,  and  Neumann 
relating  to  specific  heat,  laws  analogous  to  those  of  Keppler.  The  marvelous 
improvement  in  experimental  methods  since  that  time,  recalled  by  the  mere 
mention  of  the  names  of  Rudberg,  Magnus,  and  Regnault,  led,  as  a  natural 
and  direct  consequence,  to  a  knowledge  of  the  deviations  of  these  laws  from 
the  reality,  and  there  were  no  theoretical  views  which  could  reconcile  these 
disagreements,  and  refer  both  laws  and  deviations  back  to  the  same  causes. 
The  importance  of  these  laws  themselves  soon  seemed  less  than  that  of  empiri- 
cal formulae,  which  represented  approximately  and  with  more  or  less  exact- 
ness the  general  features  of  the  phenomena.  Thus  it  was  that  science  seemed, 
little  by  little,  to  destroy  itself.  The  Mechanical  Theory  of  Heat  has  changed 
all  this.  It  has  not  only  put  a  new  phase  upon  the  phenomena  themselves,  but 
it  has  fundamentally  changed  our  conception  of  them ;  in  many  cases  it  has 
even  pointed  out  the  reasons  of  variation.  If  we  assume  a  certain  amount  of 
heat  imparted  to  a  body,  the  volume  changes,  and  so  also  does  the  totality  of 
its  properties,  which  we  express  by  saying  that  its  **  temperature  is  increased." 
If,  however,  in  the  degree  that  a  body  is  heated,  we  increase  the  outer  press- 
ure upon  its  surface,  we  can  completely  prevent  its  expansion,  and  we  find 
that  in  this  case  the  amount  of  heat  necessary  to  raise  its  temperature  is  Uu 


*  See  Note  5. 
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than  before.  If  the  rise  of  tempeimtare  Ib  in  both  eases  the  same  arbitrary 
unit  of  some  thermometric  scale,  then  the  two  quantities  of  heat  are,  the  one, 
the  specific  heat  bj  constant  pressure,  the  other,  the  specific  heat  by  constant 
volume.  Their  difference  is  the  latent  heat  of  expansion.  The  expression 
"latent  heat"  means  simply  the  heat  imparted  to  the  body  which  has  no 
effect  upon  the  thermometer. 

What,  now,  is  the  mechanical  Tiew  of  this  process  ?  To  heat  a  body — ^to 
draw  heat  from  a  certain  source  and  cause  it  to  enter  another  body — ^means  to 
diminish  the  living  force  of  the  source  by  a  certain  amount,  and  to  cause  in  the 
body  mechanical  processes  which  are  equivalent  to  this  diminution.  If  the 
volume  is  unchanged,  we  have  pimply  an  increase  of  the  sum  of  the  living 
forces  of  the  particles  (rise  of  temperature),  and  it  may  be,  a  certain  work  due 
to  a  change  in  the  relative  position  of  the  molecules.*  If  the  pressure  is 
constant,  the  volume  increases,  and  there  is  a  ne/m  work  which  we  may  divide 
into  two  parts.  First,  the  distances  of  the  molecules  are  increased,  while  their 
mutual  actions  tenri  to  keep  them  in  their  old  positions.  We  have,  therefore, 
a  work  performed  in  thus  separating  them,  which  we  may  call  "  disgregation 
work,"  and  regard  as  negative,  since  the  molecular  forces  oppose  the  displace- 
ments. Second,  the  body  expands  against  the  outer  pressure  of  the  atmos- 
phere. This  constitutes  another  work  which  is  also  negative,  and  which  we 
may  call  "  outer  work."  The  excess  of  the  specific  heat  by  constant  pressure 
over  the  specific  heat  for  constant  volume,  or  the  latent  heat  of  expansion,  is 
therefore  that  amount  of  heat  which  is  withdrawn  from  the  source  while  these 
works  are  performed.  Expressed  in  heat  units,  it  must  be  equal  to  the 
quotient  of  the  sum  of  both  these  works  divided  by  the  mechanical  equivalent. 

Consider  now  the  double  result  of  our  conclusions.  First,  we  have  learned 
what  latent  heat  is.  We  have  seen  that  it  is  that  heat  which  disappears 
when  work  is  performed,  and  which  reappears  again  when,  by  means  of  outer 
forces,  an  equal  work  of  opposite  sign  is  performed. 

In  the  second  place,  we  can  determine  a  numerical  relation  between  two 
physical  constants  which  are  apparently  independent  of  each  other,  and  also 
the  mechanical  work  corresponding  to  a  given  change. 

Unfortunately  this  relation,  in  the  form  in  which  it  occurs,  is  of  no  use. 
Of  the  two  terms  which  form  the  left  side  of  the  equation,  only  one,  that  which 
gives  the  "outer  work,"  can  be  accurately  determined.  This  is  evidently 
equal  to  the  product  of  the  pressure  and  of  the  Increase  of  volume,  and  is 
accordingly  quite  considerable  for  gases  and  vapors,  and  very  small  for  liquid 
and  solid  bodies.  The  disgregation  work,  on  the  other  hand,  in  the  present 
state  of  science,  eludes  every  attempt  at  determination,  and  will,  without 
doubt,  do  so  for  a  long  time  to  come.  We  must  have  a  complete  knowledge 
of  the  interior  constitution  of  the  body,  in  order  to  determine  it,  and  it  is 
impossible  to  say  how  far  the  more  or  less  plausible  ideas  held  to-day  repre- 
sent the  actual  state  of  things.  A  great  error  is  committed  if,  as  sometimes 
happens,  it  is  sought  to  establish  an  equivalent  relation  between  the  heat 
absorbed  by  a  body  and  the  outer  work.  The  error  may  be  diminished,  but 
not  eliminated,  by  replacing  the  disgregation  work  of  a  body  by  the  work  of 
outer  forces,  which  cause  a  deformation  equal  to  the  expansion.  It  cannot  but 
be  a  cause  of  wonder,  if  determinations  of  the  mechanical  equivalent  based 

^  See  Kote  tt. 
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upon  Buch  a  method  of  determination,  have  given  results  which  closely  agree 
with  the  true  results.* 

In  view  of  these  difficulties,  it  would  seem  as  if  the  theory  must  soon  cease 
developing,  and  as  if  the  discovery  of  exact  relations  whose  numerical  value 
can  he  checked  hy  experiment,  must  he  delayed  till  such  a  time  as  the  science 
of  physics  shall  have  said  its  last  word  as  to  the  nature  of  all  things.  We 
can,  however,  avoid  such  difficulties  hy  means  of  a  method  or  artifice  which 
we  owe  to  Sadi  Camot.  Thu9,  we  may,  without  knowing  anything  of  the 
interior  structure  of  hodies,  estahlish  such  relations  hetween  the  mechanical 
and  thermal  properties  of  hodies  as  shall  be  of  value,  hy  considering  such  a 
sequence  of  changes  as  takes  place  during  a  process  in  which  the  initial  and 
final  conditions  are  alike,  and  hence  the  disgregation  work  zero. 

Let  us  consider  any  solid,  liquid,  or  gaseous  body,  which  has  the  tempera- 
ture ty  the  pressure  p,  and  the  volume  v.  Let  us  call  the  state  of  the  body,  as 
determined  by  these  three  conditions,  the  state  T,  and  represent  the  volume  v  by 
the  abscissa  OA,  Fig.  2,  the  tension  p  by  the  ordinate  AT,  Now,  suppose  the 
outer  pressure  to  diminish,  and  while  the 
body  expands  let  us  impart  heat  to  it,  so 
that  its  temperature  changes  according  to 
any  given  law.  Let  this  continue  till  the 
body  comes  to  the  state  T\  for  which  it 
has  the  temperature  t\  the  volume  v\  and 
the  tension  p'.  Let  OB  =  «',  BT  =  p\  and 
let  the  abscissa  and  ordinate  of  the  curve 
TMT'  at  any  point  be  the  volume  and 
pressure  at  any  intermediate  state.  Gall 
the  change  of  state  from  T  to  T\D, 
During  this  change  a  certain  amount  of 
heat,  Q,  is  imparted  to  the  body,  and 
a  certain  outer  work  is  performed,  L, 

Both  quantities  can  be  calculated,  if,  for  the  limits  of  temperature  t  and 
t\  the  influence  of  the  outer  pressure  upon  the  volume  of  the  body  and  the 
amount  of  heat  which  the  body  requires  for  a  given  change  in  volume  and 
temperature,  are  given  by  exi>eriment.  These  quantities  may  be  expressed 
theoretically,  in  terms  of  the  coefficient  of  elasticity  and  the  two  specific  heats, 
provided  that  we  regard  these  two  elements  as  functions  of  the  temperature 
and  the  volume.  The  work  L  is  therefore  given  in  the  figure  by  the  area 
between  the  curve  TMT'  and  the  axis  OB  and  the  two  extreme  ordinates  AT 
and  BT, 

Let  us  now  assume  that,  by  a  gradual  increase  of  the  outer  pressure,  the 
body  is  brought  back  to  its  original  state,  and  that  during  this  change,  which 
we  may  call  U ,  we  continually  subtract  heat  from  the  body  as  it  is  compressed, 
so  that  its  temperature  for  any  given  volume  is  less  than  during  the  change  i>, 
except  at  the  beginning  and  end  of  the  entire  experiment.  The  body  thus 
finally  comes  back  to  its  original  condition,  but  at  all  intermediate  states  of  the 
change  i>',  the  pressure  corresponding  to  a  given  volume  is  2^m  than  daring 
the  change  D,  The  curve  TNT\  which  gives  this  second  relation  between 
pressure  and  volume,  consists  throughout,  with  the  exception  of  the  first  and 

*  See  Note  7. 
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last  points,  of  less  ordi nates  than  the  curve  TMT',  The  area  between  the 
curve  TNT\  the  axis  OA,  and  the  extreme  ordinates,  gives  tbe  work  L'  per- 
formed upon  the  body  while  compressing  it,  and  evidently  we  must  have 

L  <L. 

We  may  also  compute  L'  and  Q'  in  the  same  way  as  L  and  Q. 

These  two  operations,  D  and  D',  may  be  regarded  as  parts  of  one  process  in 
which  the  initial  and  final  condilions  are  identical.  The  relative  position  of 
all  the  elements  of  the  body  are  the  same  at  the  beginning  and  end.  It  follows 
from  the  general  laws  of  mechanics,  that  there  must  be  a  complete  compensation 
between  the  work  of  the  molecular  forces  ;  that  the  inner  work,  corresponding 
to  the  transformation  D,  must  be  exactly  equal  and  opposite  to  that  which 
corresponds  to  the  transformation  D',  We  have  then  nothing  to  do  with  it. 
Still,  L  is  less  than  L,  We  see,  therefore,  that  tbe  body,  in  the  cycle  of 
changes  to  which  it  is  subjected,  moves  in  a  determined  law  from  its  initial 
state  to  another,  and  then,  according  to  anotlier  detenninate  law.  returns  to  its 
original  state,  and  during  this  cycle  it  performs  an  outer  work  equal  to  4  —  4', 
which  is  represented  by  the  area  TMTNG,  that  is,  by  the  difference  of  the  two 
areas  which  represent  the  works  L  and  L',  No  inner  work  is  performed,  no 
sensible  living  force  has  disappeared,  therefore  a  certain  amount  of  heat  must 
have  disappeared  equivalent  to  the  work  done.  It  follows,  therefore,  first, 
that  the  body  during  the  change  D  has  received  more  heat  than  during  the 
change  D'  it  has  given  up.  Farther,  the  ratio  of  the  work  L  —  L'  to  the  heat 
absorbed,  Q  —  Q',is  equal  to  the  mechanical  equivalent.    The  formula 

which  we  thus  obtain,  gives  us  a  numerical  relation  between  the  mechanical 
and  thermal  phenomena,  the  study  of  which  is  usually  relegated  to  two  different 
departments  of  physics,  since  L  and  L',  Q  and  Q',  are  determioed  by  means  of 
the  coefficients  of  elasticity,  the  two  kinds  of  specific  heat,  the  temperatures 
and  the  volumes.  We  may  obtain  as  many  special  relations  as  we  suppose 
cycles  of  changes.  In  order  to  obtain  a  general  equation  which  shall  include 
all  these  cases,  it  will  be  sufficient  to  consider  the  change  as  infinitely  small. 
Then  the  above  formula  will  become  a  differential  equation,  whose  integration 
will  give  us  the  law  of  expansion  of  the  body  under  all  circumstances.  Two 
other  differential  equations,  obtained  by  analogous  reasoning,  and  containing 
other  elements,  give  the  laws  for  melting  and  vaporization.* 

VIII. 

The  character  of  these  lectures  forbids  any  use  of  the  Calculus.  Without 
noticing  any  farther,  therefore,  these  differential  equations  or  their  conse- 
quences, let  us  direct  our  attention  to  a  certain  class  of  bodies  of  which  we  can 
give  an  almost  complete  account,  simply  by  the  consideration  of  the  outer  work 
which  they  perform  under  the  action  of  heat.  It  has  for  a  long  time  been 
noticed  that  the  similarity  of  the  mechanical  and  thermal  peculiarities  of 
different  gases  seem  to  indicate  that  in  these  bodies  the  influence  of  the  mutual 
actions  of  the  molecules  is  not  noticeable. 

The  older  text-books  of  physics  held  generally  the  hypothesis  that  heat  was 

*  See  Notes  8  and  9. 
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■omething  material,  and  ascribed  the  elastic 'force  of  gases  to  the  repulsive 
force  of  the  absorbed  heat  apon  the  molecules.  Laplace  himself  deduced  from 
■Qch  views  the  law  of  Mariotte,  as  well  as  that  of  the  diffusion  of  gases  and 
of  their  expansion  {Mic,  C&esU,  11  v.  xii.,  chap.  2).  At  the  present  time,  when 
the  views  as  to  the  nature  of  heat  have  undergone  such  great  changes,  the 
demonstration  of  Laplace  no  longer  holds  good ;  but  the  point  of  departure 
zemains,  however,  the  same.  The  simplest  way  of  explaining  how  it  can  be 
possible  that  mechanical  action  and  heat  produce  almost  the  same  effects  upon 
Tarious  gases,  is  to  assume  that  at  the  distances  which  separate  the  molecules 
of  such  bodies  their  mutual  actions  are  imperceptible.  The  laws  of  the  diffu- 
sion of  gases  seem  indeed  to  impart  to  this  conception  the  character  of  necessity. 
If  the  molecular  forces  in  gases  had  any  appreciable  intensity,  those  existing 
between  two  molecules  of  the  same  kind,  and  between  two  molecules  of 
different  kinds*  would  not  be  the  same.  The  properties  of  a  mixture  of  two 
gases  must,  then,  be  different  from  those  of  a  simple  gas.  Every  one  knows, 
for  example,  that  from  a  physical  standpoint  no  other  differences  exist  between 
oxygen  and  air  except  the  density  and  the  coefficient  of  refraction ;  while  all 
those  properties  which  depend  upon  the  mutual  interaction  of  the  molecules 
are  exactly  the  same.  From  this  follow  two  consequences  :  First,  if  in  gases 
the  molecular  forces  are  almost  sero,  it  is  impossible  to  frame  any  conception 
of  the  constitution  and  general  properties  of  such  bodies,  without  assuming 
that  their  molecules  possess  a  considerable  velocity,  which  is  greater  the  higher 
the  temperature,  and  that  these  molecules  by  their  impact  cause  pressure. 
Second,  the  change  of  volume  of  a  gas  is  not  accompanied  by  any  disgr^gation 
work  at  all  comparable  with  the  outer. 

The  development  of  the  first  of  these  consequences  has  given  rise  to  views 
upon  the  constitution  of  gases  which  have  replaced  those  of  Laplace.  I  make 
here  merely  this  passing  reference,  as  I  do  not  wish  to  lay  down  anything  in 
these  lectures  which  rests  at  bottom  upon  hypothesis.*  The  second  conse* 
qnence  is  susceptible  of  direct  confirmation  by  experiment.  Thus,  if  we  allow 
a  gas  to  expand  without  overcoming  any  outer  resistance,  that  is,  without  per* 
forming  any  outer  work,  and  if  the  disgregatlon  work  is  also  zero,  and  the  gas, 
both  at  the  beginning  and  end  of  the  experiment,  is  at  rest,  there  can  be  neither 
absorption  nor  generation  of  heat. 

This  assertion  may  excite  astonishment,  since  it  appears  at  variance  with 
well  known  facts.  All  of  us  are  familiar  with  the  simple  experiment  of  putting 
a  thermometer  under  the  receiver  of  an  air-pump,  in  order  to  observe  the 
decrease  of  temperature  which  occurs  at  the  very  first  stroke  of  the  pump. 
We  also  know  that  when  air  which  has  been  greatly  compressed  in  a  reservoir 
Is  allowed  to  issue  in  a  jet  into  the  room,  it  may  cool  to  such  a  degree  that  the 
¥apor  contained  in  it  is  frosen  and  deposited  upon  surrounding  bodies  in  the 
shape  of  frost. 

hx  view  of  such  facts  it  appears  surprising  when  we  assert  that  a  gas  may, 
under  certain  conditions,  expand  without  cooling.  It  is  nevertheless  really  so. 
In  a  metallic  reservoir  B,  Fig,  8,  communicating  by  a  pipe  and  cock  with  the 
equal  reservoir  JE,  Joule  has  compressed  air  under  a  pressure  of  22  atmos- 
pheres, while  the  reservoir  £1  was  exhausted.    Both  were  then  immersed  in  a 

*  See  Note  la 
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vessel  full  of  water  and  tlie  cock  D  opened.  The  air  in  R  rushed  in  to  E,  and 
its  volume  was  thus  doubled,  while  there  was,  of  course,  no  resistance  to  its 
expansion,  except  the  small  amount  of  air  which  might  remain  in  E  after 
exhaustion.  Although  the  tension  of  the  air  decreased  from  22  to  11  atmos- 
pheres, there  could  be  then  no  outer  work  performed,  since  at  both  the  begin- 
ning and  end  of  the  experiment  all  parts  of  the  apparatus  and  of  the  gas  were 
at  rest.  In  perfect  accord  with  theory,  it  was  found  that  there  was  no  absorp- 
tion of  heat.  The  most  sensitive  thermometer  immersed  in  the  water  which 
surrounde;^  both  R  and  i?>  showed  not  the  least  change  when  the  cock  D  was 

opened. 

It  is  not  difficult  to  see  why  under  the 
receiver  of  the  air-pump,  or  in  efflux  into 
the  air,  the  expansion  is  accompanied  by 
absorption  of  heat.  If  we  consider  closely 
the  case  of  the  air-pump,  we  see  that  a 
part  of  the  work  required  to  work  it  is 
furnished  by  the  pressure  of  the  air  re- 
moved. Outer  work  is  thus  performed  at 
every  stroke,  and  heat  correspondingly  ab- 
sorbed. We  could  not,  therefore,  have  a 
better  confirmation  of  our  new  principles. 
In  the  efflux  of  air  it  rushes  with  great  velocity  from  the  reservoir,  driving  the 
ou^ide  air  before  it  and  thus  performs  work.  Hence  the  cooling  with  which 
we  are  familiar. 

If  we  alter  Joule's  experiment  so  as  to  perform  outer  work  or  generate  living 
force,  we  shall  find  that  heat  is  absorbed.  Thus,  if  we  remove  the  reservoir 
E,  and  fasten  to  i>  a  hose,  and  thus  allow  the  air  to  discharge  into  a  large  bell- 
glass  filled  with  water  and  inverted  in  the  pneumatic  bath,  the  water  will  be 
forced  out  against  the  pressure  of  the  atmosphere,  and  a  thermometer  in  R  will 
show  a  decrease  of  temperature  due  to  the  disappearance  of  heat  corresponding 
to  the  outer  work  performed.  We  can  easily  see  that  such  an  experiment  may 
lead  to  a  determination  of  the  mechanical  equivalent.  In  this  way  Joule  found 
441,  a  result  very  closely  agreeing  with  his  others,  the  deviation  being  com- 
pletely attributable  to  the  unavoidable  errors  of  observation.  Thus  disappears 
the  apparent  contradiction  between  what  we  may  call  the  old  and  new  physics. 
In  order,  however,  to  leave  not  the  slightest  doubt  or  uncertidnty  upon  so 
important  a  point,  let  me  try  to  meet  in  advance  an  objection  which  has,  with- 
out doubt,  already  occurred  to  you.  Let  us  look  somewhat  deeper  into  this 
process.  Conceive  in  the  reservoir  R  that  portion  of  the  gas  which,  after  the 
experiment  is  completed,  just  fills  this  reservoir.  Why  does  not  ihU  portion 
cool  during  the  expansion  t  It  is  in  every  respect  similar,  and  in  similar  clr- 
cumstances,  to  the  same  portion  of  the  gas  in  the  second  experiment,  where  its 
expansion  was  accompanied  by  a  decrease  of  temperature.  In  both  cases  this 
portion  expands  against  the  pressure  of  the  rest  of  the  gas.  To  say  that  in  the 
one  case  it  preserved  its  temperature,  and  in  the  other  case  loses  it,  would  seem 
to  imply  that  it  knew  what  was  going  on  outside,  and  was  gifted  with  intelli- 
gence and  choice  of  action. 

We  do  not,  in  general,  willingly  receive  anything  against  a  theory  which  is 
regarded  by  the  highest  scientific  authorities  as  correct.     It  seems  a  thankless 
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task  to  give  audible  expression  to  difficulties  lilce  the  alx>Te ;  yet,  at  the  bot- 
tom of  one's  beari;  they  must  still  remain  and  cause  a  silent  distrust  of  all 
science.    Let  us,  therefore,  see  if  we  can  lay  this  doubt. 

As  a  matter  of  fact,  that  portion  of  the  air,  in  Joule's  experiment,  which  re- 
mains behind  in  the  reservoir  R,  must,  and  does  lo^e  heat  and  cool,  because 
during  the  experiment  it  continually  imparts  living  force  to  that  portion  of  the 
air  which  rushes  with  considerable  velocity  into  the  reservoir  E.  Bat  this  liv- 
ing force  immediately  disappears.  The  velocity  of  the  gas  entering  E  is  de- 
stroyed by  the  friction  of  its  own  molecules  upon  each  other,  by  their  impact 
upon  the  walls  of  the  reservoir,  and  by  friction  in  the  communicating  pipe.  As 
soon  as  the  gas  ceases  to  enter,  therefore,  all  is  at  rest.  But  this  living  force 
cannot  be  destroyed  without  a  ffeneration  of  heat  exactly  equal  to  that  which 
disappears  in  the  reservoir  R,  In  Joule's  experiment,  then,  no  change  of  tem- 
perature was  observed,  because  there  is  a  perfect  compensation  ;  the  friction  in 
£  replaces  the  heat  disappearing  in  R,  We  have  no  need,  then,  to  ascribe  to  the 
gas  any  inconceivable  properties ;  we  do  not  even  need  to  suppose  properties 
any  difierent  from  those  long  known.  We  can  also  easily  prove  our  conclusions 
by  experiment,  by  having  the  reservoirs  E  and  R  in  $eparaU  vessels,  when  R 
will  be  found  to  absorb  heat  and  E  to  give  out  a  precisely  equal  amount. 

This  remarkable  experiment  of  Joule,  performed  in  1845,  more  than  any 
other  directed  attention  to  the  new  theory.  Regnault  repeated  it  in  every 
shape,  with  all  the  precautions  which  his  long  experience  in  calorimetric  re- 
searches rendered  available.  He  notified  the  Academy  in  April,  1858,  that  he 
had  completely  confirmed  it,  and  from  that  moment  he  counted  himself  among 
the  advocates  of  the  new  views. 

No  further  doubt  can  remain.  In  gases  the  disgregation  work  which  accom- 
panies expansion  or  compression  is  zero,  or  at  least  is  imperceptible  to  ordinary 
calorimetric  methods.*  Heat  when  imparted  to  a  gas  causes  only  two  effects, 
a  rise  of  temperature  ("  vibration  work  ")  and  outer  work.  If  the  rise  of  tem- 
perature is  one  degree,  while  the  gas  expands  under  a  constant  pressure,  then 
the  outer  work  is  equal  to  the  product  of  this  pressure  into  the  increase  of 
volume.  If  F«  is  the  original  volume,  and  if  a  is  the  coefficient  of  expansion, 
then  for  a  rise  of  one  degree  the  increase  of  volume  will  be  a  F„  and  the  new 

V 
volume  will  be  F  =  F,  (1  +  at)  for  a  rise  of  t  degrees,  or  F,  =  ^  ^  ^  ,  where 

t  is  the  temperature  for  the  volume  F. 

aV 
The  change  of  volume,  then,  or  a  F„  is  v  ,  and  this  multiplied  by  the 

pressure  p,  gives  us  for  the  outer  work 

If  the  weight  of  the  expanding  gas  is  equal  to  one  unit,  then  the  value  of  the 
enter  work  is  the  mechanical  equivalent  of  the  excess  of  the  specific  heat  by 
constant  pressure  over  the  specific  heat  by  constant  volume.  If  J  represents 
the  mechanical  equivalent,  we  have 


*  Seo  Note  U. 
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or  if  F,  is  the  Tolanie  for  the  temperature  lero  And  preaiiire  p^  we  luiYe 

(C7, -(7r)/=ap,F,. 

This  gives  us,  for  all  gases  which  follow  Mariotte's  law,  a  namerical  relation  be- 
tween the  coefficient  of  expansion,  the  two  specific  heats,  the  volume  of  the  unit 
of  weight  under  the  given  circumstances,  and  the  mechanical  equivalent  of 
heat  We  may  make  use  of  it  in  order  to  determine  the  mechanical  equivalent 
by  means  of  the  physical  properties  of  various  gases,  and  since  for  most  gases 
these  properties  are  determined  with  a  degree  of  precision  which  cannot  at 
present  he,  exceeded.  It  would  seem  that  in  this  way  we  should  obtain  a  value 
superior  to  all  the  others  in  accuracy.  The  formula  applied  to  air  gives  us 
the  number  426,  almost  identical  with  the  mean  of  Joule's  experiments,  if  we 
take  for  the  volume  of  the  unit  of  weight,  for  the  coefficient  of  expansion,  and 
for  specific  heat  for  constant  pressure,  the  values  given  by  RegnauU,  and  take 
for  the  specific  heat  for  constant  volume  the  best  value  as  given  by  experiments 
upon  the  velocity  of  sound.  Tlie  agreement  of  this  calculation  with  the  ex- 
periments of  Joule  upon  friction  is,  in  fact,  most  remarkable. 

IX. 

Unfortunately  this  agreement  does  not  exist  when  we  apply  the  formula  to 
other  gases.  We  obtain,  however,  425 — ^a  very  close  value — for  hydrogen,  oxy- 
gen, and  nitrogen,  while  for  carbonic  acid  gas  we  obtain  a  value  considerably 
different.  Indeed  we  obtain  for  this  gas  two  very  different  values,  according  as 
we  take  one  or  the  other  of  the  two  determinations  of  Regnault  for  0"*  and  100\* 
For  other  gases  the  deviation  is  still  greater.  Whence  come  these  deviations  ? 
A  great  part,  without  doubt,  are  due  to  the  uncertainty  as  to  the  value  of  the 
specific  heat  for  constant  volume.  We  must,  however,  add  that  the  formula 
is  not  equally  reliable  for  all  gases,  since  the  disgregation  work  cannot  be  dis- 
regarded in  all. 

The  laws  of  Mariotte  and  Gay-Lussac  hold  accurately  for  no  gas  ;  they  are 
only  approximate  expressions  of  the  truth  for  those  gases  which  are  furthest 
from  their  points  of  liquefaction.  It  is  only  for  these  gases  that  the  agreement 
of  their  mechanical  and  thermal  properties  allows  us  to  assume  that  the  influence 
of  the  molecular  forces  is  zero.  On  the  other  hand,  gases  like  carbonic  acid, 
which  we  can  easily  liquefy,  whose  coefficient  of  expansion  is  five-tenths  greater 
than  air,  and  which  changes  very  rapidly  with  the  pressure ;  gases,  finally, 
which  even  under  the  pressure  of  the  atmosphere  do  not  follow  the  law  of  Ma- 
riotte ;  for  all  such  we  have  every  reason  to  believe  tliat  a  noticeable  work  of 
the  molecular  forces  accompanies  changes  of  volume. 

If  we  apply  to  such  a  gas  a  formula  which  assumes  the  absence  of  all  dis- 
gregation work,  it  simply  shows  that  we  do  not  understand  the  principles  of 
which  we  make  use.  If  we  say,  as  has  been  said,  that  there  are  as  many  me- 
chanical equivalents  as  there  are  gases,  we  indirectly  declare  the  poesibility  of 
perpetual  motion. 

It  would  seem  an  immediate  consequence  of  the  above,  that  by  repeating 
the  experiments  of  Joule  with  carl)onic  acid  and  similar  gases,  and  determin- 
ing the  amount  of  heat  which  disappears  when  they  expand  without  perform* 


*  See  Note  li. 
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iog  outer  work,  we  might  obtain  a  measare  of  the  disgregatkm  work,  and  thus 
correct  tbe  above  formula  and  express  the  true  relations  between  the  different 
properties  of  such  gases.  Without,  however,  entirely  changing  the  experimen* 
tal  methods  of  Joule,  there  seems  little  hope  of  obtaining  in  this  way  any  satis* 
factory  results.  In  the  experiment  which  has  been  described,  the  expanding 
gas  is  surrounded  by  water,  and  even  under  a  pressure  of  22  atmospheres 
the  mass  of  the  gas  cannot  compare  with  that  of  the  water.  It  is  easy  to  com- 
prehend that  if,  for  example,  the  mass  of  the  water  is  only  twenty  times  that 
of  carbonic  acid  gas,  and  the  specific  beat  of  the  water  about  five  times  as 
great,  the  absorption  of  a  quantity  of  heat  which  would  change  the  temperature 
of  the  gas  one  degree  would  alter  that  of  the  apparatos  at  most  only  Titiith  of  a 
degree.  The  phenomena  in  question,  therefore,  would  be  completely  masked 
by  the  unavoidable  errors  of  experiment.  It  is  necessary  to  find  some  method 
of  doing  away  with  the  liquid  as  a  heat-measuring  substance,  and  observing  the 
change  of  temperature  in  a  stream  of  gas,  which,  without  performing  outer 
work,  experiences  a  considerable  change  in  elastic  force.  Under  such  circum- 
stances the  entire  heat  disappearing  is  equivalent  to  the  disgregation  work 
accompanying  the  expansion.  These  conditions  are  actually  complied  with  in 
an  experimental  method  conceived  by  Sir  William  Thompson.*  Our  space 
does  not  allow  us  to  describe  it  here.  The  application  of  this  method  to  hydro- 
gen, air,  and  carbonic  acid  has  shown  that  the  change  of  temperature  for 
hydrogen  is  almost  zero,  that  it  is  noticeable  for  air,  and  very  considerable  for 
carlxmic  acid,  just  as  might  have  been  expected  from  the  experiments  of  Reg- 
naalt.  Hydrogen  seems,  indeed,  the  farthest  removed  of  any  gas  from  its 
point  of  liquefaction.  Oxygen  and  nitrogen  show  a  less  perfect  accord  with 
the  properties  of  a  perfect  gas.     Carbonic  acid  gas,  finally,  deviates  decidedly. 

It  is,  therefore,  perf^tly  natural  that  in  hydrogen  the  disgregation  work 
shoald  be  very  small — almost  zero— also  small  in  nitrogen  and  in  the  air, 
but  still  there — and  that  it  shoald  have  a  considerable  value  in  carbonic  acid. 
The  results  of  experiment  are  not  completely  satisfactory,  nor  exact  enough  to 
furnish  a  reliable  value  for  correction  of  our  formula.  They  suffice,  however, 
to  furnish  an  explanation  of  the  variation  which  has  been  found  in  the  mechani- 
cal equivalent,  as  determined  from  various  gases,  and  they  show  that  it  is  al- 
lowable to  use  the  formula  without  correction  for  air  and  hydrogen^  We  may 
consider  it  as  tolerably  certain  that  the  exact  value  of  c/lies  between  424  and 
426,  the  results  obtained  from  the  consideration  of  these  two  gases ;  or  still 
more,  having  reference  to  the  uncertainty  in  the  value  of  the  specific  heat  by 
constant  volume,  between  420  and  480.  We  shall,  however,  continue,  in  what 
follows,  to  make  use  of  the  value  424 

I  have  devoted  considerable  space  to  this  first  application  of  the  theory- 
much  more  than  I  can  give  to  others  of  which  I  intend  to  speak.  I  do  not  wi&h, 
however,  to  lay  any  especial  stress  upon  the  study  of  the  expansion  and  com- 
pression of  gases ;  but  I  thought  it  well  to  show  thus  early  that  the  mechanical 
theory  of  heat  leads  to  results  which  agree  with  fact,  and  submits  to  calcula- 
tion not  only  known  phenomena,  but  also  predicts  new  ones,  and  that  this  pre* 
diction  is  capable  of  numerical  verification. 

I  have  sought  to  excite  in  you  the  same  impression  which,  without  doubt, 

*  Sec  Mote  18. 
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those  of  70a  who  are  familiar  yriih.  the  stady  of  opticB  have  already  experi- 
enced* as,  proeeeding  from  the  midalatory  theory,  they  made  their  first  applica> 
tions  of  it  to  the  phenomena  of  reflection  and  refraction.  The  amplicity  with 
which  this  theory  harmonizes  known  facts,  the  fmltfalness  of  the  views  it  pre- 
sents, the  accuracy  of  its  predictions,  afford  the  most  convincing  proof  that  it 
closely  expresses  the  truth,  or,  at  least,  oi>en8  a  path  which  leads  to  the  truth. 
I  shall  consider  my  ohject  ohtained  if  this  first  lecture  shall  have  produced 
a  somewhat  .similar  convictioiL 
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Wb  haye  now  paned  in  brief  review  the  phenomena,  hy  the  consideration 
of  which  science  has  attained  to  the  recognition  of  the  new  principle  of  the 
equivalence  of  heat  and  work. 

Starting  from  the  laws  of  mechanics,  we  were  at  first  brought  face  to  face 
with  an  apparent  contradiction  between  these  laws  and  the  usual  theorj  of  ma- 
chines. To  reconcUe  this  contradiction,  it  was  necessary  to  include  the  phe- 
nomenon of  heat  among  the  mechanical  efEects  which  occurred  in  the  entire  ma- 
chine during  its  motion.  The  heat  generated  by  friction  was  thus  found  to  be 
equivalent  to  the  difference  between  the  work  of  the  motive  forces  and  of  the 
redatances ;  the  heat  absorbed  during  the  motion  of  the  machine  was  shown  to 
be  the  equivalent  of  the  worls  done. 

The  correspondence  of  the  numerical  results  in  both  cases  gave  us  confi- 
dence in  the  correctness  of  our  views,  and  allowed  us  to  frame  a  very  precise 
idea  of  the  mechanical  equivalent  of  heat.  We  have  also  recognized  the  con- 
tradiction to  which  we  are  led  if  we  assume  that  the  value  of  this  equivalent 
can  change ;  and  we  have  still  further  convinced  ourselves  of  the  correctness 
of  our  new  principles  by  applying  them  in  various  ways.  Our  first  application 
was  with  reference  to  the  change  of  volume  or  of  condition  of  bodies  by  heat. 
For  solid  and  liquid  bodies  we  have  done  little  more  than  point  out  difficulties, 
and  briefly  notice  the  method  by  which  they  may  be  met.  We  have  treated 
gases  more  thoroughly.  Experiment  has  shown  us  that  for  air  and  other  gases 
far  removed  from  their  point  of  liquefaction,  the  disgregation  work,  or  the 
work  of  the  molecular  forces  which  accompanies  a  change  of  volume,  is  either 
aero  or  very  slight.  This  fact  has  permitted  us  to  compare  the  amount  of 
beat  which  must  be  imparted  to  a  gas  in  order  to  obtain  a  certain  amount  of 
outer  work,  with  that  work  itself.  Thus  we  found  a  new  determination  of  the 
mechanical  equivalent,  and  at  the  same  time  deduced  a  necessary  relation  be- 
tween the  different  mechanical  and  thermal  properties  of  the  same  gas. 

I  have  sought,  in  this  development,  to  keep  observation  and  theory  side  by 
side,  and,  in  some  degree,  show  you  that  every  experiment  was  the  realization 
of  an  idea ;  and  finally,  to  make  it  as  evident  as  possible  how  firmly  all  parts 
of  our  new  theory  are  held  together. 

I  shall  now  pursue  an  opposite  method,  and  plunge  at  bnce  into  the  midst 

of  facts,  or,  so  to  speak,  into  the  midst  of  practical  industry,  and  I  shall  seek  to 

deduce  general  physical  laws  from  the  study  of  special  phenomena,  such  as  are 

presented  by  the  study  of  those  machines  which  derive  their  motive  power 
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from  the  action  of  heat.  The  investigatioo  of  "  heat  enginea  "  *  will  thas  fonn 
the  aabject  proper  of  this  lecture.  The  remaining  portion  of  it  will  seek  to 
give  you  a  review  of  those  applications  of  the  new  theory  which  lie  outaide 
of  the  domain  of  physics,  and  especially  of  mechanics. 

n. 

There  are  two  kinds  of  heat  engines  of  special,  importance ;  the  steam 
engine  and  the  hot-air  or  caloric  engine,  f  Upon  hot-air  engines  mnch  at  one 
time  was  said  and  written.  Great  stress  has  been  laid  upon  their  improTe- 
ment,  and  almost  unlimited  expectations  have  been  formed  of  their  mechanical 
efficiency. 

A  superficial  knowledge  of  Joule's  OTperiments  upon  gases  soon  spread, 
and  it  was  for  a  time  firmly  believed  that  soon  all  the  heat  furnished  by  the 
fuel  would  he  utilised.  On  the  other  hand,  after  Regnault's  experiments  upon 
the  latent  heat  of  vaporization,  which  seemed  to  show  that  only  an  inconsider- 
able fraction  of  the  power  of  the  heat  aljsorbed  could  be  utilised,  many  physi- 
cists formed  an  unfavorable  impression  of  the  steam  engine.  Thus  a  kind  of 
conflict  arose— I  can  hardly  say  between  theory  and  experience,  but  between 
one  view  which  apparently  harmonised  with  theory,  and  between  the  ever-ac- 
cumulating results  of  experience.  In  practice,  gas  engines  have  never  been 
found  of  such  economical  value  as  to  balance  the  difficulties  which  attend 
their  introduction.  Let  it  be  the  first  object  of  our  remarks,  therefore,  to 
point  out  the  significance  of  this  apparent  "conflict.  For  the  sake  of  clearness, 
we  shall  take  a  numerical  example,  and  shall  therefore  choose  a  steam  engine 
working  under  a  steam  pressure  of  6  atmospheres,  or  with  a  steam  tempera- 
ture of  152**,  and  shall  first  assume  that  there  is  no  condenser.  The  steam 
enters  the  cylinder  in  the  saturated  condition  at  a  temperature  of  152*" ;  the 
formation  of  every  kilogram  of  steam  requires,  according  to  Regnault's  experi- 
ments, a  quantity  of  heat  denoted  by  the  number  658,  diminished  by  the  tem- 
perature, f,  of  the  feed  water.  As  it  enters  the  cylinder,  the  steam  raises  the 
piston  until  the  communication  with  the  boiler  is  closed,  when  it  expands  a 
certain  amount,  and  finally  discharges  into  the  air  under  the  pressure  of  the 
atmosphere.  If  we  assume  that  the  steam  remains  saturated  during  the  ex- 
pansion, then  the  final  temperature  is  100°,  and  every  kilogram  of  steam  which 
leaves  the  cylinder  takes  with  it  087  —  t  heat  units,  which  it  gives  up  in  con- 
densing into  water  of  the  temperature  /.  Out  of  the  058  —  t  heat  units  ab- 
sorbed in  the  generation  of  the  steam,  only  16  disappear  in  the  engine.  These 
10  units  are  transformed  into  work;  all  the  rest  is  wasted  in  the  atmosphere. 

Thus  if,  for  example,  t  is  only  10°,  only  ^i^ds,  or  less  than  x'if^b*  of  the 
heat  furnished  to  the  boiler  by  the  fuel  is  utilised.  This  fraction,  which  we 
may  call  the  "  efficiency,"  is  increased  somewhat  by  the  application  of  the  con- 
denser, but  It  is  always  very  small.  If,  for  example,  the  condenser  has  a  tem- 
perature of  40°,  and  the  steam  expands  in  the  cylinder  to  such  an  extent  that 

*  Under  heat  engines  we  include  all  those  machines  whose  motive  power  is  dae  to  the  dis- 
appearance or  transformation  of  heat. 

t  Hot-air  engines  are  known  al»o  as  gas  engines  and  caloric  engines.  We  call  any  machine 
a  hot-air  engine  whose  action  depends  upon  the  heating  and  expansion  or  the  cooling  and  con* 
traction  of  any  of  the  so-called  **  permanent "  gasea. 


mTBODUCTION.  31 

its  pressure  is  reduced  to  that  in  the  condenser,  which  never  can  be  the  case 
in  practice,  the  quantity  of  beat  wliich  one  kilogram  of  steam  brings  to  the 
condenser  is  only 

619  ~  40  =  579  heat  units. 

If,  further,  the  condenser  is  fed  with  the  boiler  water  itself,  each  kilogram  of 
steam  requires  for  its  formation  only 

658  -  40  =  618  heat  units. 

Hence  84  heat  units  are  utilized,  and  the  efficiency  becomes  i^^^ths,  or 
about  ^th. 

The  condenser  is  therefore  of  considerable  advantage,  but  the  heat  utilized 
is  stiil  very  small  in  comparison  with  the  total  heat  imparted. 

These  are  nearly  the  words  of  Regnault  in  his  criticism  of  the  steam  engine, 
which  has  been  extensively  repeated.  According  to  this,  the  most  important 
motor  of  our  civilization  is  but  a  very  imperfect  machine. 

Now  let  us  turn  to  experience.  The  treatise  of  Him,  from  which  we  have 
already  taken  several  important  results,  gives  us  the  data  for  a  reply.  We 
find  there  four  satisfactory  and  consistent  series  of  experiments  upon  the  steam 
engine,  which  are  nearly  identical  with  those  we  have  already  alluded  to.  The 
temperature  of  the  boiler,  as  a  mean  of  the  four  experiments,  was  146°,  that  of 
the  condenser,  84"*.  Assuming  perfect  expansion,  we  have  for  the  efficiency,  in 
precisely  the  same  way  as  before,  -^^XhA,  which  is  nearer  to  -f^th.  than  to  iV^h. 
This  should  therefore  be  the  limit  which  can  never  be  exceeded,  and  which 
probably  experiments  can  never  show.  But  notwithstanding  this,  the  singular 
fact  remains  that  Hirn's  engines  gave  much  better  results.  The  excess  of  the 
heat  taken  by  the  steam  from  the  boiler,  over  that  given  out  in  the  <K>ndenser, 
that  is,  the  heat  expended  in  producing  work,  was  never  less  than  ^^th  of  the 
total  amount  of  heat ;  it  was  sometimes  even  j;th,  and  in  the  average  ith. 

Here,  then,  is  a  direct  contradiction.  Upon  the  one  hand,  a  theory  approved 
by  many  physicists  gives  for  the  efficiency  of  an  engine  a  value  but  little 
higher  than  -^%\x ;  upon  the  other  hand,  experiments  made  upon  machines  in 
actual  use,  which  therefore  must  be  very  far  from  perfect,  and  which  must  be 
fitted  with  special  apparatus  for  determining  the  efficiency,  give  a  result  twice 
as  great.  The  accuracy  of  the  experiments  is  proved  by  the  very  close  value 
of  the  mechanical  equivalent  which  they  have  given.  The  error  must  there- 
fore be  sought  in  the  theoretical  conclusions. 

Now  we  have  assumed  without  any  proof  that  the  steam  which  after 
expansion  leaves  the  cylinder  and  is  discharged  either  into  the  air  or  into  the 
condenser  U  $aturated.  This  assumption  enabled  us  to  base  our  calculation 
upon  the  total  heat  of  vaporization  as  determined  by  Regnault.  The  facts 
observed  by  Him  contradict  this  entirely  groundless  assumption,  and  prove  , 
that  the  phenomena  of  expansion  follow  much  more  complicated  laws,  and  that 
a  much  greater  part  of  the  heat  is  utilized.  The  steam  therefore  cannot  remain 
saturated  during  expansion.  Still  less  can  it  become  heated  above  the  point  of 
saturation,  and  become  at  the  end  of  expansion  superheated,  that  is,  possess  a 
less  elastic  force  than  that  which  corresponds  to  its  temperature  when  Just 
saturated  ;  for  a  given  amount  of  superheated  steam  would  give  up  to  the  air 
or  to  the  condenser  more  heat  than  the  same  amount  of  saturated  steam,  and 
the  coefficient  of  efficiency  would  therefore  be  less  than  that  already  computed. 
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There  is  only  a  third  sapposition  possible,  viz. :  that  the  originally  saturated 
steam  fxmdenses  daring  its  expansion  in  the  cylinder,  and  a  part  of  it  becomes 
water.  This  supposition  is,  moreover,  correct.  We  can  point,  in  confirmation 
of  it,  to  an  almost  daily  occurrence  in  practice.  Every  one  knows  that  water 
collects  in  the  cylinder  if  it  is  not  jacketed.  Rankine  has  shown  that  the  prin- 
cipal cause  of  this  is  the  condensation  during  expansion,  and  not,  as  some  have 
thought,  the  accidental  introduction  of  water  from  the  boiler.  Him  has  given 
us  a  direct  experimental  proof.  A  copper  cylinder,  2  meters  long  and  0.15  in 
diameter,  was  closed  at  both  ends  by  thick  glass  plates.  Two  pipes,  with  cocks^ 
were  connected,  the  one  with  the  boiler  and  the  other  with  the  air.  First  the 
air-cock  was  partly  opened  and  the  steam-coek  fully  opened.  Steam  thus 
entered  from  the  boiler,  drove  out  the  air  from  the  cylinder,  and  filled  it  with 
dry  and  perfectly  saturated  steam.  The  cylinder  was  then  as  transparent  as  if 
filled  only  with  air.  The  air-cock  was  now  fully  opened.  The  steam  escaped 
rapidly,  expanded  in  doing  so,  and  in  a  moment  the  cylinder,  before  so  trans- 
parent, became  perfectly  opaque,  and  the  condensation  was  visible. 

I  need  not  point  out  tliat  this  condensation  Increases  the  amount  of  heat 
which  disappears  in  the  machine,  that  is,  which  is  turned  into  work.  Every 
kilogram  of  steam  which  reaches  the  cylinder  from  the  boiler  requires  for  its 
^production  the  amount  of  heat  already  given.  But  the  heat  which  still  remains 
in  the  steam  when  it  enters  the  condenser  or  the  air,  is  diminished  by  the 
latent  heat  of  that  amount  of  steam  which  during  the  expansion  has  been 
liquefied. 

It  is  not  wholly  saturated  steam  which  leaves  the  cylinder,  but  a  mixture  of 
steam  and  water,  and  the  heat  converted  into  work  is  no  longer  equal  to  the 
difference  of  the  total  heat  of  vaporization  for  two  different  temperatures, 
but  is  equal  to  this  difference  increased  by  a  considerable  fraction  of  the  latent 
heat.  Condensation  during  expansion  is  thas  a  physical  property  of  steam,  to 
which  the  steam  engine  owes  a  large  part  of  its  efficiency.* 

m. 

Now  let  us  consider  the  hot-air  engine,  and  see,  if  we  can,  how  far  those 
hopes  are  justified  which  accompanied  its  discovery.  Without  doubt,  in  such 
an  engine  we  may  convert  all  the  heat  into  work,  when  our  object  is  sim- 
ply to  raise  a  loaded  piston  and  then  allow  it  to  sink  again.  Practice, however, 
demands  a  very  different  result ;  it  demands  a  continaal  activity, — a  periodic 
motion,  which  shall  be  incessantly  repeated  so  long  as  heat  is  consumed.  For 
example,  it  is  required  that  the  piston  of  a  hot-air  engine,  after  it  has  been 
raised  to  a  certain  height,  shall  sink  again  to  its  original  position,  and  that 
this  action  shall  be  repeated  indefinitely.  But  the  air  under  the  piston  opposes 
the  downward  motion,  and  this  resistance  can  only  be  overcome  by  the  expen- 
diture of  a  certain  amount  of  work.  While  the  air  is  thus  compressed,  it 
becomes  heated,  and  this  heat  must  be  withdrawn  in  order  to  bring  about  the 
original  condition. 

If,  therefore,  during  the  first  period,  all  the  heat  imparted  can  be  con- 

*  See  Note  14. 
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verted  into  work,  in  the  second,  a  portion  of  the  work  thns  obtained  is  con- 
sumed in  order  to  generate  heat ;  only  the  remainder  of  the  work  is  at  our 
disposal. 

The  question  is,  whether,  when  everything  is  taken  into  account,  the  hot- 
air  engine  possesses  any  peculiar  advantages.  Let  us,  as  an  example,  take 
one  of  these  engines  whose  theory  is  simplest,  and  which  has  been  the  most 
tried  in  practice ;  the  engine  of  Robert  Stirling,  which  dates  back  to  the  year 
1816. 

In  this  engine  the  air  is  first  heated  under  constant  volume,  then  it  expands 
under  constant  temperature,  it  is  then  cooled  to  its  original  temperature  while 
keeping  its  new  volume,  finally,  it  Is  compressed  without  change  of  tempera- 
tare  to  its  original  volume.  The  expansion  takes  place  under  a  much  higher 
temperature,  and  hence  under  a  much  higher  pressure,  than  the  compression. 
The  work  performed  in  the  first  case  is  greater  than  that  absorbed  in  the 
second,  and  the  excess  can  be  utilized. 

Let  us  represent  this  entire  cycle  of  changes  by  a  geometrical  construction. 
Let  OA,  Fig.  4,  be  the  volume  of  one  unit  in  weight  of  gas  for  the  initial  tem- 
perature tn  and  let  the  ordinate  ATix  be  the 
corresponding  pressure  po.  The  air  is  first, 
without  change  of  volume,  raised  from  the 
temperature  to  to  the  temperature  ^i,  which 
requires 

unite  of  heat,  if  Cv  is  the  specific  heat  at  con- 
stant volume.  During  this  rise  of  tempera- 
ture, the  pressure  rises  from  p„  to  j?,,  repre- 
sented in  the  figure  by  AT^.  But  as  the 
volume  remains  unchanged,  no  work  is  per- 
formed. The  pressure  upon  the  piston  sim- 
ply rises  from  p^  to  p,,  while  the  piston 
itself  does  not  move.  Now  the  load  on  the 
piston  is  gradually  diminished,  the  air  ex- 
pands, without  changing  in  temperature,  from  the  volume  Vq  to  the  volume  V\, 
represented  by  OB.  The  temperature  remaining  constant,  the  volume  varies 
inversely  as  the  pressure,  and  the  curve  T^Ty,  which  is  approximately  an 
equilateral  hyperbola,  gives  the  law  of  change  of  volume  with  pressure, ;  the 
last  ordinate,  BT^ ,  being  the  end  pressure.  Outer  work  is  performed,  which  is 
represented  by  the  area  AT^T^B.  But  while  the  air  is  thus  expanding,  in 
order  to  preserve  the  temperature  unchanged,  heat  must  be  added  to  the  air, 
which  heat  is  the  equivalent  of  the  outer  work  represented  by  the  area 
ATiTiB,  since  the  inner  work  in  case  of  air  is  zero.  In  the  third  opera- 
tion the  temperature  is  brought  back  to  fo»  without  change  of  volume.  The 
pressure  accordingly  falls  from  BTi  to  BTq  without  any  expenditure  of  work, 
and  therefore 


Cvifi  -to) 

heat  units  must  be  abtracted,  if,  as  is  very  probable,  the  specific  heat  of  air 
for  constant  volume  is  independent  of  the  density.     In  the  fourth  and  last 
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period  the  air  is  compressed,  while  its  temperature,  t^,  remains  constant, 
until  it  has  its  original  volume,  F^i,.  Here  work  is  performed  upon  the  air,  and 
heat  must  be  abstracted  in  order  to  keep  the  temperature  constant.  The 
hyperbola  To  Tq  gives  the  relation  between  volume  and  pressure.  The  area 
ABToTa  represents  the  work  done  in  compression,  which  is  equivalent  to  the 
heat  q'  abstracted. 

The  air  receives,  therefore,  in  the  first  two  operations, 

heat  units,  and  outer  work  is  performed  by  the  gas,  which  is  represented  by 
the  area  ATiTiB*  In  the  last  two  operations  heat  is  abstracted  from  the  gas 
equal  to 

ec(ti  —to)-hq 

heat  units,  and  a  work  has  been  performed  upon  it  represented  by  the  area 
ABToTq.  a  quantity  of  heat,  q  —  ^,  has  thus  disappeared,  and  an  equivalent 
work  been  performed,  represented  by  the  area  ToT^TiTq.  The  heat  utilized 
is  g  —  q',  while  the  total  consumption  of  heat  is  e^iti  —  to)  +  q,  and  the  heat 
nut  utilized  at  all  would  seem  to  be  (jp  (^i  —  ^u)  +  ?'• 

A  little  consideration,  however,  will  show  that  this  last  is  not  exactly  the 
case,  and  that  the  heat  not  utilized,  and  which  is  therefore  wasted,  is  g'.* 

The  quantity  of  heat  Cvifi  —to)  which  the  air  loses  in  the  third  period, 
while  cooling  from  ti  to  to,  without  changing  in  volume,  can  be  utilized  in 
raising  the  temperature  of  another  portion  of  gas,  whose  weight  is  unity,  from 
to  to  1 1,  This  portion  will  then  be  ready  to  expand,  performing  work  without 
change  of  temperature,  and  when  it  in  turn  is  cooled,  the  heat  given  up  by  it 
can  raise  the  first  portion  from  to  to  ^i,  and  so  on.  By  such  an  arrangement 
the  heat  Ce(ti  —  to)  may  pass  from  one  to  the  other  of  two  equal  portions  of  air 
which  keep  the  machine  in  motion.  Since  we  may  conceive  a  perfect  machine 
in  which  this  transfer  can  take  place  without  loss,  this  amount  of  heat  is  no 
part  of  the  useful  nor  useless  expenditure,  it  is  at  disposal  in  every  cycle.  It  is 
different  with  the  heat  q'  which  the  air  parts  with  while  being  compressed  under 
constant  temperature.  Since  this  must  be  absorbed  by  a  cooling  apparatus, 
whose  temperature  is  to,  it  cannot  again  be  used  in  order  to  raise  the  air  above 
this  temperature,  nor  to  keep  the  temperature  during  expansion  at  ^i.  It  may, 
without  doubt,  be  used  in  another  machine  in  which  the  highest  temperature 
does  not  exceed  to,  but,  so  far  as  the  first  is  concerned,  it  is  lost  entirely.  Hence 
we  have 

q-g' 

as  the  ratio  of  the  heat  utilized  to  the  whole  heat  used. 

The  quantities  q  and  q'  are  easy  to  determine,  since  their  mechanical  equiv- 
alents are  represented  by  the  areas  AT^T^B  and  AToTqB,  Thus  if,  as 
always,  J' is  the  mechanical  equivalent  of  heat, 

Jg  =  area  ^  Ti  r,  5. 
Jq'  —  KTBdLAToToB, 
q-ct  _  area^riTijg-  SLTetL  ATqTqB 
q     "  Area,  AT,  TiB 

«  See  Note  15. 
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The  determination  of  the  hTperbolic  areas  is  best  performed  by  integration. 
We  have,  from  known  formulae, 

area  AT^ TiB=PiVo  log.  nat.  — , 

area  AToTqB  =Po^o  log*  i^t.  -^ . 

But  jpi  and  po  &i^  tbe  pressures  of  the  same  mass  of  air,  at  tbe  same  volume, 
for  the  temperatures  ti  and  ^o*  We  have,  therefore,  if  a  is  the  coefficient  of 
expansion, 

Pi  _l-\-  atx 

Po  ""  1  +  «  ^0  ' 
or,  finallj, 

q  p,  1  +  tttj  ' 

This  formula,  of  remarkable  simplicity,  gives  at  once  the  coefficient  of 
efficiency  of  an  engine  of  the  kind  discussed,  provided  that  wa  only  know  the 
end  temperatures  between  which  the  engine  works.  It  is  also  evident  that 
this  coefficient  is  greater  than  is  ever  attainable  in  practice.  If,  now,  we 
assume  a  gas  engine,  working  between  the  same  limits  of  temperature  as  Him's 
engine,  we  have,  putting  t^  =  146°,  to  =  84°,  a  =  j^d,  for  the  greatest 
efficiency  possible,  iljths,  or  a  little  less  than  f ths.  This  number  is  not  so 
much  greater  than  ith,  which  Hirn  found  for  the  steam  engine,  that  one  can 
conclude  any  considerable  advantage  of  the  one  over  the  other.  It  would  not 
be  surprising  if  the  practical  imperfections  of  a  gas  engine,  working  between 
146°  and  84°,  should  reduce  the  useful  work  to  ith  of  the  total.  The  great 
importance  ascribed  at  one  time  to  gas  engines  does  not  appear,  therefore,  in 
any  degree  justified. 

rv. 

We  may,  however,  go  still  further,  and  prove  that,  considered  from  an 
economical  standpoint,  all  engines  which  work  between  the  same  temperatures 
give  the  same  result.  If  we  discuss  any  engine  in  the  same  way  as  we  have 
already  done  for  Stirling's,  we  shall  see  : 

First,  that  in  any  given  engine  the  r^itio  of  the  useful  to  the  total  expendi- 
ture of  heat  is  a  maximum,  when  no  heat  is  used  to  change  tbe  temperature  of 
the  gases,  or  when,  at  least,  this  heat  is  a  fixed  amount,  which  never  leaves 
the  system,  but  is  used  over  and  over  for  the  same  purpose. 

Second,  that  in  such  case  the  maximum  value  of  the  ratio  is 

^(^  -<o) 
1  +  a^    ' 
where  f,  and  to  are  the  highest  and  lowest  temperatures*  which  occur  in  the 
cycle  of  changes  in  the  machine.    We  may  give  to  this  expression  a  noteworthy 
significance  by  dividing  numerator  and  denominator  by  the  coefficient  of 
expansion,  a.    It  then  becomes 

1      ,  ' 
-  +  «. 

*  See  Note  16. 
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lot  which  we  may  write 


if  we  let 


that  is,  if  we  count  the  temperature  from ,  or  from  — 273'' C,  instead  of 

zero.  Now,  what  is  this  temperature,  which,  when  measured  from  —  278''  as 
the  zero  point,  thus  simplifies  the  expression  for  the  economical  coefficient? 
It  is  that  temperature  to  which  the  gas  is  raised  if  —  273'*  is  the  zero  of  our 
thermometer,  and  if  the  gas  is  cooled  under  constant  volume  to  —  278'',  its 
pressure  would  be,  supponng  a  to  remain  etmstatU,  zero.  This,  then,  is  the  tem- 
perature at  which  the  molecules,  while  preserving  their  original  distances 
apart,  which  they  possess  under  ordinary  temperatures,  become  motionless,  that 
is,  no  longer  impinge  upon  outer  bodies,  and  therefore  cease  to  exert  that  me- 
chanical effect  which  we  call  pressure.  In  a  word,  this  is  the  temperature  for 
which  the  sum  of  the  living  forces  is  zero.  But  the  expressions  living  force 
and  heat  are  identical,  and  we  can  thus  say  that  the  temperature  of  —  278°  C. 
is  the  absolute  zero  of  temperature. 

It  has  been  attempted  to  determine  this  point  in  various  ways,  and  at  one 
time  it  was  supposed  that  it  was  infinitely  removed  from  ordinary  tempera- 
tures. From  this  point  of  view  we  call  the  temperatures  7\  and  Tq  "  absolute 
temperatures."  By  the  aid  of  this  definition  we  may  frame  the  following 
principle,  which  includes  the  theory  of  all  hot-air  engines  : 

*'  In  every  hot-air  engine,  in  whatever  manner  it  works,  provided  only  no 
portion  of  the  heat  goes  to  useless  increase  of  temperature  of  the  air,  the  ratio 
of  the  useful  expenditure  of  heat  to  the  total  is  equal  to  the  difference  of  the 
absolute  temperatures  between  which  the  engine  works,  divided  by  the  greatest 
of  these  temperatures.'*  * 

Does  not  the  simplicity  of  this  law  produce  the  impression  of  a  natural 

principle  ?    Does  it  not  appear  probable  that  the  expression  ~-^=; — ^indicates 

always  the  ratio  of  the  useful  to  the  total  expenditure  of  heat  in  a  heat  engine, 
whatever  may  be  the  changes  in  the  machine,  and  whatever  the  bodies  may  be 
which  are  made  use  of  for  the  transformation  of  the  heat  into  work  Y 

In  fact,  it  is  just  as  impossible  that  this  ratio  shall  have  two  different  values 
for  two  machines  working  between  the  same  limits  of  temperature,  as  that  the 
mechanical  equivalent  of  heat  should  have  two  different  values. 

Let  us  consider,  first,  that  in  a  heat  engine  the  excess  of  the  total  heat 
expenditure  over  the  useful  is  that  portion  of  the  heat  derived  from  the  fuel, 
which  during  the  action  of  the  machine  is  transferred  to  a  colder  body,  and 
thus  forever  lost  to  the  machine.  If  the  engine  is  reversible,  and  this  must 
necessarily  be  the  case  with  all  engines  worked  by  expansion  or  change  of 
condition,  it  will,  when  set  in  reverse  action  by  an  outer  force,  take  heat  from 
a  colder  body  aiid  transfer  it  to  a  hotter,  and  in  this  then  collects  all  the  heat 
generated  while  work  is  applied. 

•  See  ^ote  17. 
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The  ratio  of  the  heat  thus  generated  to  the  total  quantity  of  heat  in  the 
hotter  body  is  exactly  equal  to  the  ratio  of  the  useful  consumption  to  the 
total  in  the  usual  action  of  the  machine. 

Let  us  now  assume  that  the  ratio  in  question  has,  in  two  different  machines, 
two  different  values.  It  is  not  difficult  to  conceiye  these  two  machines  so 
united  that  the  one  in  which  this  ratio  has  the  greatest  yalue  shall  set  the 
other  in  reverse  action,  and  that  the  whole  work  developed  in  the  first  by  the 
action  of  the  heat  is  completely  consumed  in  working  the  second.  The  action 
of  these  two  machines,  once  started,  would  continue  indefinitely  without 
expenditure  of  heat  or  of  work,  since  all  the  heat  consumed  in  the  first  machine 
would  reappear  in  the  second. 

Let  H  be  the  heat  consumed  in  the  one  and  reproduced  in  the  other  in  the 
same  time,  R  and  R'  the  ratios  of  useful  heat  consumed  to  total  in  the  first 
and  second,  and  let,  according  to  our  supposition, 

R  >  R'. 

While  the  first  machine  consumes  the  heat  H  for  the*  preservation  of  its 
motion,  it  transfers  from  a  source  of  heat,  whose  temperature  is  ti,  a  quantity 

of  heat,  ■=  —  IT,  to  the  condensing  apparatus,  whose  temperature  is  to.    In  the 

same  time  the  second  machine  reproduces  the  heat  H,  and  transfers  from  the 

condensing  apparatus  to  the  source  a  quantity  of  heat,  -=r,  —  -SI    The  final 

result  of  the  combination  is,  that  from  a  cold  to  a  hotter  body  the  amount  of 

JOT  JT 

heat,  -~7  —  ^ ,  is  transferred  without  the  expenditure  of  any  corresponding 

work.  If  this  result  is  not  a  contradiction  similar  to  the  production  of  perpetual 
motion,  it  is,  at  any  rate,  a  direct  contradiction  of  the  general  laws  which  we 
have  deduced  concerning  heat,  and  is  sufficient  to  show  that  the  hypothesis 
which  led  to  it  is  not  allowable. 

The  tendency  of  heat  to  pass  from  one  body  to  another  lies,  so  to  speak,  in 
the  definition  of  the  idea  of  "  unequal  temperature."  The  temperature  of  the 
body  which  gives  out  heat  is  the  highest,  and  that  of  the  body  which  receives 
it  is  the  lowest.  So  long  as  theory  cannot  define  with  sharpness  the  conditions 
which  we  denote  by  the  term  **  temperature,"  we  can  assign  no  decisive  reason 
why  there  must  be  but  one  sequence  of  temperatures,  and  we  may  be  inclined 
to  admit  that  it  is  not  impossible  that  bodies  which  do  not  interchange  heat, 
and  thus  appear  to  have  equal  temperatures,  if  put  in  certain  mutual  relations, 
may  conduct  themselves  as  though  of  different  temperatures. 

All  experience,  however,  gives  a  most  decided  negative  to  this  supposition. 
It  shows  that  equality  or  inequality  of  temperature  is  an  absolute  fact,  inde- 
pendent of  the  experimental  process  by  which  it  is  made  evident.  If,  for 
example,  temperatures  are  recognized  as  equal  by  conduction,  they  are  also 
equal  by  radiation.  It  is  not  possible  to  explain  this  law  by  even  the  most 
recent  advances  of  theory.*  It  is  sufficient  that  all  the  facts  justify  us  in 
recognizing  in  this  an  absolute  principle. 

Fourier  has  based  upon  this  principle  his  theory  of  radiant  heat  and  of 

*  See  Note  !& 
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eqailibriam  of  temperature,  and  although  this  theory  may  seem  unsatisfactory 
in  view  of  the  discovery  of  the  diversity  of  heat  rays  and  of  elective  absorption, 
as  shown  by  most  bodies,  and  may  have  therefore  seemed  unsatisfactory  to 
many,  still  all  doubt  must  vanish  in  view  of  the  wonderful  discoveries  to 
which,  by  a  new  application  of  the  same  principle,  Kirchhoff  has  been  con- 
ducted. 

We  assume,  however,  nothing  hypothetical,  and  we  base  ourselves  upon 
the  most  certain  facts  of  experience  when  we  propound  the  following  prin- 
ciples : 

First,  it  is  impossible  for  heat  to  pass  from  a  cold  to  a  warmer  body  without 
being,  at  the  same  time,  accompanied  by  some  phenomena  which  may  be 
regarded  as  the  cause  of  such  transfer.  Especially  in  no  machine  in  which 
neither  heat  nor  work  is  given  out  can  any  such  transfer  occur. 

Second,  it  follows  necessarily  from  this  first  law  that  the  ratio  of  the  useful 
to  the  total  expenditure  of  heat,  in  a  machine  whose  action  depends  upon 
change  of  volume  or  of  condition  of  aggregation,  is  independent  of  the  consti- 
tution of  the  body^  and  is  determined  solely  by  the  extremes  of  temperature 
between  which  the  machine  works,  provided  that  heat  is  not  consumed  in 
bringing  about  change  of  temperature.    The  formula 

T,-To 

~Tr' 

which  we  have  found  directly  for  the  hot-air  engine,  holds  good  therefore  for 
every  engine.  It  shows  us  at  once  that  if  any  engine  is  superior  economically 
to  another,  it  is  not  because  the  bodies  which  serve  to  transfer  heat  and  con- 
vert it  into  work  possess  this  or  that  property.  The  only  advantage  which 
one  body  can  present  over  another  is  in  the  wider  limits  of  temperature  ren- 
dered available. 

From  this  point  of  view  the  superiority  of  the  hot-air  engipe  over  the  steam 
engine  becomes  evident.  We  cannot  have  the  temperature  of  a  steam  boiler 
much  above  150''  or  lOO**,  because  the  very  rapid  increase  of  pressure  for  higher 
temperatures  would  require  extraordinary  thickness.  Since,  on  the  other 
hand,  it  requires  but  little  less  than  a  rise  of  temperature  of  273''  to  increase 
the  pressure  of  a  gas  one  atmosphere,  we  see  what  enormous  temperature 
limits  we  may  have  in  a  hot-air  engine,  without  greater  strength  than  that  re- 
quired  for  an  ordinary  high-pressure  steam  engine. 

We  should  have,  then,  greater  economical  advantages,  were  we  not  opposed 
by  practical  difficulties ;  as,  for  instance,  the  oxidation  and  the  rapid  deteriora- 
tion of  metal  which  always  accompanies  highly  heated  air.  The  use  of  super- 
heated steam  would  seem  to  remove  this  objection,  without  greatly  diminish- 
ing the  peculiar  advantages  of  the  gas  engine.  Superheated  steam  is,  in  fact, 
a  gas  ;  its  pressure  near  the  point  of  si^turation  increases  undoubtedly  with  ris- 
ing temperature  more  rapidly  than  that  of  air ;  but  all  its  thermal  and  mechan- 
ical properties  coincide  more  with  those  of  air  the  higher  its  temperature  is 
raised. 

Future  progress  would  therefore  seem  in  the  direction  of  such  an  applica- 
tion, in  which  the  peculiar  advantages  of  the  hot-air  engine  are  combined  with 
those  of  the  steam  engine. 

Engines  working  with  two  kinds  of  steam,  of  which  much  has  been  heard, 
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are  an  attempt  to  increase  tlie  mechanical  efficiency  of  the  steam  engine  by 
diminishing  the  lower  limit  of  temperature.  The  water-ste^m  whicJi  is  con- 
densed in  the  condenser  is  made  to  heat  and  vaporize  a  more  volatile  liquid, 
liice  ether  or  chloroform.  This  new  steam  works  a  second  engine.  It  thus 
becomes  possible  to  lower  the  temperature  of  the  condenser  below  that  which 
wonld  exist  for  water^eam  alone.  The  increase  of  motive  power  in  such  a 
constraction  is  shown  by  the  diminution  of  T^  in  our  formula ;  but  it  is  evident 
that  this  gain  is  not  comparable  with  that  which  we  may  obtain  in  the  steam 
engine  with  superheated  steam,  by  increase  of  the  upper  limit  Tx, 

V.     • 

There  remains  still  a  third  kind  of  apparatus  which  we  may  include  among 
heat  engines,  although  it  is  apparently  totally  different  from  the  hot-air  and 
steam  engine,  viz.,  the  electro-magnetic  engine  ;  and  in  spite  ef  the  small 
practical  results  thus  far  attained  by  it,  these  lectures  would  be  incomplete 
without  some  discussion  of  its  value  and  efficiency. 

There  is,  moreover,  from  a  purely  scientific  standpoint,  hardly  a  subject 
more  fruitful  in  interesting  and  novel  views  than  the  theory  of  the  electro- 
magnetic engine,  and  I  shall  therefore  devote  at  least  as  much  space  to  it  as 
to  the  comparison  between  the  steam  and  hot-air  engine,  even  although  its 
practical  value  at  present  is  less. 

If  we  neglect  differences  of  detail,  we  may  divide  all  electro-magnetic  en- 
gines into  two  classes ;  either  oscillating  or  rotary.  In  the  oscillating  engine  a 
fixed  wire  coil  or  an  electro-magnet,  as  soon  as  the  current  passes,  attracts 
another  wire  coil,  electro-magnet,  magnetized  steel  rod.  or  a  piece  of  soft  iron. 
As  soon  as  this  movable  piece  comes  in  contact  with  the  fixed,  by  means  of  a 
circuit-breaker,  the  attraction  is  changed  into  repulsion,  or  it  is  neutralized  by 
the  attraction  of  another  piece.  The  motion  is  thus  reversed,  and  this  action 
is  repeated  indefinitely.  Such  a  motion  can  be  utilized  in  a  manner  similar  to 
that  of  a  piston. 

In  the  rotary  engine  the  fixed  and  moving  pieces  are  situated  in  the  radii 
of  two  concentric  circles  or  wheels.  When  the  current  passes,  the  movable 
wheel  strives  to  take  its  position  of  stable  equilibrium,  but  in  the  moment  at 
which  this  is  reached  the  circuit-breaker  acts,  the  wheel  is  carried  round  by 
its  momentum,  and  a  continuous  rotary  motion  is  the  result.  This  motion 
can  be  utilized  like  any  other  motion  of  the  same  kind  produced  by  any 
mechanical  force.  In  both  cases  the  principle  of  construction  and  the  origin 
of  the  force  is  the  same.  The  action  of  the  currents  or  of  the  magnets  strives 
to  bring  about  a  condition  of  stable  equilibrium,  and  some  physical  change  in 
the  system  at  the  moment  that  this  condition  is  satisfied  continues  the, motion. 
What  is  the  mechanical  expression  for  this  entire  action  ? 

Let  us  first  consider  the  case  in  which  the  machine,  in  spite  of  the  passage 
of  the  current,  is  held  fast  without  motion.  The  electromotive  voltaic  chain, 
or  battery,  and  the  engine,  form,  then,  a  fixed  system,  in  which  two  kinds  of 
processes  are  simultaneously  going  on.  In  the  battery  there  is  in  a  given  time 
a  certain  amount  of  chemical  action  ;  at  the  same  time,  in  all  the  conductors 
through  which  the  current  passes,  heat  is  generated,  and,  so  long  as  the  ma- 
chine is  not  in  motion,  this  is  all.     In  the  battery  we  have  chemical  action ; 
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atoms  obey  their  affinities,  pass  from  one  condition  to  another  in  which  their 
affinities  are  satisfied,  and  so  into  equilibriam.  From  the  definition  of  mechan- 
ical work,  it  follows  that,  in  such  a  series  of  changes,  positive  work  is  per- 
formed. In  the  system  of  conductors  which  the  stream  passes  through,  there 
is  generated  a  certain  amount  of  living  force  in  the  shape  of  lieat.  Necessarily 
there  must  be  an  equivalence  between  the  work  of  the  chemical  forces  and  the 
heat  simultaneously  developed  in  the  conductors  and  battery.  A  given  amount 
of  chemical  action  of  a  given  kind  must  correspond  to  the  generation  of  a  con- 
stant amount  of  heat,  whatever  may  be  the  constitution  of  the  circuit  and  of 
the  battery. 

These  theoretical  conclusions  are  confirmed  by  a  remarkable  experiment  by 
Joule  and  Favre.  A  large  calorimeter,  which  was  essentially  simply  an  im- 
mense mercury  thermometer,  with  two  cavities  in  its  bulb  for  the  reception  of 
bodies,  was  used  by  Favre,  and  the  following  determinations  made  :  First,  in 
one  of  the  cavities  was  placed  a  simple  galvanic  element  of  zinc  and  platinum 
immersed  in  acid  water,  united  by  a  very  short  copper  wire.  Thus  was  deter- 
mined the  amount  of  heat  generated  by  one  equivalent  of  zinc  when  decom- 
posed, taking  the  equivalent  at  66  g^^ms.  The  mean  of  a  number  of  good  de- 
terminations showed  that  this  amount  of  heat  was  sufficient  to  raise  87,360 
grams  of  water  one  degree.  Then  the  thick,  short  copper  wire  was  replaced  by 
a  thin  wire  of  considerable  length,  wound  in  a  spiral.  The  decomposition  of 
a  given  quantity  of  zinc  then  was  found  to  give  a  much  less  quantity  of  heat, 
and  the  diminution  was  greater  the  longer  and  thinner  the  wire.  The  wire 
itself  was  notably  heated,  and  when  it  was  included  in  the  other  cavity,  so  that 
the  total  heat,  both  in  the  elements  and  circuit  was  determined,  the  sum  was 
found  to  be  precisely  the  same  as  in  the  first  experiment.  The  decomposition 
of  66  grams  of  zinc,  again,  generated  87,860  heat  units.  Repeated  in  the  most 
diverse  ways,  with  conductors  and  elements  of  the  most  diverse  kind,  the  same 
results  were  always  obtained  :  so  that  in  all  cases  in  which  the  action  of  the 
current  performed  no  outer  work,  the  heat  in  the  entire  circuit  and  the  chemical 
action  were  found  to  be  perfectly  equivalent. 

If  now  the  machine  is  in  motion,  living  force  is  generated  or  work  is  per- 
formed outside  of  the  circle,  as,  for  example,  the  raising  of  a  weight  to  a  cer- 
tain height.  If  the  heat  generated  in  the  circuit  should  still  remain  the  same, 
we  should  have  at  one  time  the  work  of  the  chemical  forces  in  the  battery 
equivalent  to  a  certain  quantity  of  heat,  and,  at  another  time,  equivalent  to  the 
same  heat  increased  by  a  certain  mechanical  work^  which  is  plainly  impossible. 
Accordingly,  if  by  the  action  of  the  current  in  any  system  of  spirals  or  electro- 
magnets, outer  work  is  performed,  there  must  be  a  diminution  of  the  heat  gen- 
erated in  the  entire  circuit  by  a  given  amount  of  chemical  action,  and  this 
diminution  must  be  the  exact  equivalent  of  the  outer  work  performed.  Experi- 
ment has  confirmed  this  conclusion.  In  the  second  cavity  of  his  calorimeter 
Favre  replaced  the  conducting  wire  of  the  previous  experiment,  by  a  very  small 
electro-magnetic  engine,  which,  by  means  of  a  mechanism  unnecessary  here  to 
describe,  raised  a  weight.  Under  these  new  conditions  the  decomposition  of 
66  grams  of  zinc  generated  less  than  87,360  heat  units,  and  the  observed  differ- 
ence stood  in  a  constant  relation  to  the  work  of  the  engine.* 

*  See  Note  19. 
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Every  unit  of  heat  was  thus  found  to  correspond  to  an  outer  work  of  448 
units.  The  difference  between  this  number  and  the  mechanical  equivalent  of 
heat,  as  determined  by  Joule,  or  as  determined  from  the  properties  of  gases, 
does  not  exceed  the  limits  which  may  properly  be  ascribed  to  errors  of  obser- 
vation. 

VI. 

In  an  electro-magnetic  engine  there  is,  therefore,  a  loss  of  heat  as  soon  as 
mechanical  work  is  performed,  and  hence  it  is  with  perfect  propriety  that  we 
have  classed  such  machines  among  heat  engines.  The  mechanical  power  is 
due  to  a  partial  transformation  of  the  heat  caused  by  chemical  action  in  the 
battery  ;  just  as,  in  the  steam  engine,  it  is  due  to  a  partial  transformation  of 
the  heat  caused  by  combustion  of  fuel  under  the  boiler.  In  the  one  as  in  the 
other  case,  such  transformation  depends  upon  certain  physical  laws,  which 
may  be  regarded  as  so  many  general  consequences  of  the  mechanical  theory  of 
heat.  The  study  of  the  steam  engine  has  revealed  to  us  the  condensation  of 
steam  when  expanding  ;  the  study  of  the  electro-magnetic  engine  makes  evi- 
dent to  us  the  necessity  of  the  phenomena  of  induction. 

There  is  but  one  way  in  which  we  can  comprehend  how  the  motion  of  a 

machine  can  diminish  the  amount  of  heat  generated  in  a  conducting  wire  by  a 

certain  amount  of  chemical  action.    The  generation  of  heat  in  a  unit  of  time 

is  proportional  to  the  square  of  the  intensity  of  the  current,  while  the  intensity 

itself  is  proportional  to  the  amount  of  chemical  action  in  the  same  time.    It  is 

evident  that  the  heat  generated  by  the  decomposition  of  one  equivalent  of 

metal  is  directly  proportional  to  the  Intensity  of  the  current  which  causes  this 

chemical  action,  or  inversely  proportional  to  the  time  of  decomposition.     If, 

thus,  %  is  the  Intensity  of  current,  and  t  the  number  of  seconds  required  for  the 

decomppsition  of  one  equivalent  of  metal,  then,  since  the  chemical  action  and 

intensity  of  current  are  proportional,  the  product  %  t  is  e/qual  to  a  constant,  k. 

The  heat  generated  by  the  decomposition  of  one  equivalent  of  zinc  is  propor- 

k* 
tional  to  Pt,  or  can  be  represented  by  ikt  or  by  — .    It  is  therefore  necessary 

that  the  chemical  action  in  a  battery,  the  current  from  which  works  an  electro- 
magnetic engine,  must  be  lessened,  and  hence  the  intensity  of  the  current 
diminished,  by  the  motion  of  the  engine.  If  a  galvanometer  is  interposed  in 
the  current,  its  deviation  during  motion  of  the  engine  must  be  less  than  when 
the  engine  is  at  rest,  and  the  difference  will  be  greater,  the  greater  the  work  of 
the  machine  corresponding  to  a  given  chemical  action.  This  is  completely  con- 
firmed by  experiment.  There  can  be  no  doubt  as  to  the  fundamental  fact  that 
the  motion  of  an  electro-magnetic  engine  diminishes  the  intensity  of  the  cur- 
rent. What  can  be  the  cause  of  this  diminution?  Is  it  an  increase  of  the 
resistance  to  the  current?  Is  it  a  process  similar  to  that  which  separates  and 
pats  in  motion  the  two  kinds  of  electricity  in  the  battery  ? 

An  increase  of  resistance  is  impossible,  because  experiment  has  proved  that 
the  resistance  of  a  conductor  is  the  same,  whether  it  is  at  rest  or  in  motion.  It  is 
therefore  necessary  that,  in  a  machine  whose  parts  are  relatively  in  motion,  a  cur- 
rent shall  tend  to  give  rise  to  an  opposite  current,  or,  using  the  customary  expres- 
sion, an  electro-motive  force  shall  be  generated,  opposed  to  that  of  the  battery. 
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Bat  wliatever  takes  place  in  a  machine  in  consequence  of  its  motion,  mnst 
take  place  also  in  any  system  of  conductors  and  currents  when  in  any  sort  of 
motion.  If,  therefore,  a  closed  conductor  is  moved  in  the  neighborhood  of  a 
magnet  or  current,  the  motion  must  cause  in  the  conductor  a  current  opposed 
to  that  which  would  have  to  pass  through  it,  in  order,  by  means  of  electro- 
magnetic forces,  to  continue  such  motion. 

In  this  sentence  you  have  already  recognized  one  of  the  f  andamental  laws 
of  induction,  and  it  would  not  be  difScalt  to  prove,  analogically  at  least,  in 
similar  manner,  all  those  discoveries  which  have  rendered  so  famous  the  name 
of  Faraday.  Induction  currents,  the  existence  of  which  seemed  at  first  so  mar- 
velous to  physicists,  were  observed  by  Ampere  *  ten  years  before  Faraday,  but 
without  his  daring  to  believe  them.  It  was  sought  in  vain  to  deduce  them 
from  the  phenomena  of  static  electricity.  By  means  of  the  mechanical  theory 
of  heat  they  receive  their  true  interpretation.  The  generation  of  induction 
currents  are  the  means  which  nature  employs  in  order  to  produce  work  in  the 
electro-magnetic  engine.  The  laws  governing  induction  currents  are  such  that 
the  equation  of  living  forces  is  fulfilled  both  for  motion  of  the  machine  as  well 
as  for  rest. 

If  we  consider  on  one  hand  the  known  expression  for  the  mutual  action  of 
two  currents,  and  on  the  other  the  proportionality  of  the  heat  generated  by  the 
current  to  the  square  of  the  intensity,  as  given  by  experiment,  and  unite  these 
two  facts  by  the  principle  which  we  have  deduced,  we  can  determine  generally 
both  the  direction  and  intensity  of  the  induced  current  generated  by  the  relative 
motion  of  a  current  and  a  closed  conductor.  We  may  in  this  way  discover  all 
the  laws  dedaced  by  Neumann,  in  1845,  in  an  entirely  different  manner,  upon 
which  chiefly  rests  his  scientific  fame. 

This  remarkable  relation  between  the  mechanical  theory  of  heat  and  the 
phenomena  of  induction  was  first  made  known  by  Helmholtz,  in  1847. 


VIL 

Among  the  number  of  laws  deduced  in  this  manner  by  theory,  and  con- 
firmed by  experiment,  is  that  of  the  proportionality  of  the  induced  current  to 
the  velocity  of  the  motion  producing  it.f  As  the  motion  of  an  electro-magnet 
is  accelerated,  the  electro-motive  force  of  induction  increases,  and  hence  the 
current  intensity  of  the  battery  diminishes.  ^  The  absolute  work  which  the 
machine  can  perform  in  a  given  time  is  therefore  diminished,  but  in  the  same 
time  the  heat  generated  by  the  decomposition  of  a  given  quantity  of  zinc 
diminishes  also ;  the  fraction  of  the  work  of  the  chemical  forces  which  is 
transformed  into  heat  diminishes,  and  the  portion  equivalent  to  the  work  of 
the  machine  approaches  nnity  the  more  the  velocity  increases.  We  may, 
therefore,  by  a  suitable  increase  of  the  velocity,  transform  with  any  desired 
completeness  the  entire  work  of  the  chemical  action,  or,  what  is  the  same 
thing,  the  entire  heat  generated,  into  mechanical  work.{ 

Thus  the  electro-magnetic  engine,  which  has  so  far  proved  in,  practice  the 
most  imperfect  of  all  engines,  is  theoretically  the  most  perfect  and  efficient. 
It  only  can  utilize  all  the  heat.     It  does  not,  however,  follow  that  it  is  only 

*  See  Note  20,  at  the  end  of  these  lectures.  t  See  Note  SI.  $  See  Note  S3. 
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necessary  to  conform  to  the  reqairements  of  theory,  that  is,  to  give  the  engine 
the  greatest  possible  Telocity,  in  order  to  make  it  practically  available.  The 
sine  and  acids  necoFsaiy  for  the  battery  are  expensive,  more  so  than  that  of  the 
carbon  used  with  them,  and  in  spite  of  the  theoretical  superiority  of  the  electro- 
magnetic engine,  it  is  mach  more  economical  to  consume  this  carbon  as  fuel  in 
a  steam  or  hot-air  engine.  This  must  be  the  case  until  we  can  obtain  with  less 
cost  bodies  which  possess  powerful  chemical  affinities,  that  is,  substances  which 
strive  energetically  to  remain  in  chemical  union,  or  to  return  into  union.  The 
solution ^of  such  a  problem  appears  not  much  more  probable  than  the  discovery 
of  deposits  of  native  zinc,  or  of  springs  of  sulphuric  acid. 


vm. 

We  have  by  no  means  exhausted  all  that  may  be  learned  from  the  electro- 
magnetic engine.  We  may  arrive  at  results  not  less  important  than  the  pre- 
ceding by  assuming  the  ordinary  action  of  the  engine  to  be  reversed,  so  that 
work  is  consumed  instead  of  being  produced. 

If,  for  example,  the  current  passes  through  the  fixed  spiral,  and  we  unite 
the  ends  of  the  moving  spirals  by  a  conducting  wire,  so  that  one  or  more  circuits 
are  formed,  the  machine  cannot  be  set  in  action  without  causing  induction 
currents  in  these  circuits. 

These  induced  currents  oppose  a  resistance  to  the  motion  of  the  machine, 
which  increases  the  amoimt  of  that  work  necessary  in  order  to  work  the  machine 
with  constant  velocity,  in  the  same  time,  the  wires  traversed  by  the  induction 
current  are  heated,  and  the  final  result  is  the  transformation  of  a  certain 
amount  of  work  into  heat.  The  determination  of  these  twoi  quantities  furnishes 
a  new  value  for  the  mechanical  equivalent,  J, 

It  was  with  such  experiments  that  Joule,  in  1848,  began  his  researches. 
He  deduced  a  value  for  J  of  452,  deviating  considerably,  therefore,  from  the 
later  and  more  accurate  determinations.  But,  however  considerable  the  differ- 
ence may  appear,  we  may  safely  assume  that  it  can  be  entirely  attributed  to 
the  difficulties  of  the  determination  and  the  imperfection  of  the  apparatus.* 

If  we  substitute  for  the  wire  spirals,  composed  of  wire  of  greater  or  less 
length  and  fineness,  in  which  the  induction  current  \b  of  small  intensity,  and 
therefore  generates  but  little  heat,  a  metallic  plate  of  0.01  meter  in  thickness, 
and  of  a  diameter  corresponding  to  the  dimensions  of  the  fixed  electro-magnet,. 
we  shall  find  that  the  current  is  greatly  increased  and  that  a  great  amount  of 
heat  is  generated.  There  must,  therefore,  be  considerable  expenditure  of 
work. 

This  new  form  of  the  experiment  is  interesting  on  two  accoimts.  From  a 
theoretical  point  of  view  we  notice  that  the  principle  of  the  equivalence  of  work 
and  heat  gives  in  this  case  a  direct  relation  between  the  beginning  and  end  of  a 
series  of  effects,  the  intermediate  portions  of  which  are  at  present  but  little 
understood,  which  are  very  different  in  conductors  of  considerable  dimensions 
from  simple  wires.  In  the  second  place,  the  heat  generation  is  so  considerable 
that  it  is  possible  to  make  it  evident  by  instruments  of  suitable  delicacy,  and 
show  it  to  a  room  full  of  persons. 

*  See  Note  28. 
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Some  of  70U  have,  without  doubt,  recognized  in  these  remarks  the  experi- 
ment of  FoucauU,  which  attracted  so  much  attention.  In  order  to  derive  from 
it  all  the  information  possible,  it  will  be  advantageous  to  give  it  two  different 
forms. 

First  we  give,  by  some  simple  mechanism,  the  metallic  plate  a  great  veloc- 
ity, without  allowing  the  current  to  pass  through  the  conducting  wire  of  the 
electro-magnet  between  whose  poles  the  plate  revolves.  As  soon  as  the  desired 
velocity  is  attained,  we  let  the  current  pass,  and  the  plate,  by  the  influence  of 
the  induced  currents,  is  brought  instantly  to  rest.  The  induced  currents  cease 
as  soon  as  the  plate  comes  to  rest,  but  the  heat  remains.  We  may  say  that  the 
final  result  of  the  experiment  is  that  all  the  living  forces  which  before  belonged 
to  the  entire  mass  have  been  transferred  to  the  molecules  and  become  visible 
as  heat.  The  sudden  stoppage  of  the  plate  can  be  easily  proved,  and  shows 
plainly  the  existence  and  intensity  of  the  induced  currents,  but  by  reason  of 
the  magnitude  of  the  number  which  expresses  the  mechanical  equivalent,  the 
heat  developed  is  but  slight  and  can  only  be  made  evident  by  the  most  sensitive 
instruments.  In  the  second  form  of  the  experiment  it  is  different.  We  let  the 
stream  pass  through  the  electro-magnet,  and  then  seek  to  put  the  plate  in  mo- 
tion. The  effort  necessary  for  this  is  a  visible  sign  of  the  resistance  to  be  over- 
come. A  few  minutes  of  motion  cause  a  rise  of  temperature  of  60  to  60  de- 
grees. 

IX. 

This  experiment  is  the  last  which  I  shall  borrow  from  physics.  Before 
leaving  the  domain  of  this  science  let  me  direct  your  attention  to  this  table,  in 
which  we  have  grouped  those  determinations  of  the  mechanical  equivalent 
which  are  the  most  reliable. 

TABLE  OF  THE  MBCHANICAL  EQUIYALSKT. 


Manner  of  Determination. 

TheoretlcAl 

Principles 

pointed  out  by 

Experimental  Data 
given  by 

Yalne 

of 

EqniN'alent 

General  properties  of  air 

Friction 

j  Mayer 
( Clausius 

Joule 

Clausius 

Joule 

Favre 

Bosscha 

Clausius 

( Regnault 

Molland  von  Beck 
j  Joule 
(Favre 

Hirn 

Joule 

Favre 
j  Weber 
( Joule 

Quintus  Icilius 

435 

Work  of  steam  engine 

Heat  of  induced  currents 

Electro-magnetic  engines 

Daniell  battery 

418 
413 
453 
443 

I  420 

400 

Metal  wire  in  circuit 

The  coincidence  of  these  results  is  very  satisfactory,  and  may  be  regarded  as 
confirmation  of  the  theory. 

There  are  only  two  values  which  deviate  greatly,  the  value  453,  found  by  Joule 
in  his  experiments  with  induced  currents,  and  the  value  400,  given  by  Quintus 
Icilius.     I  have  already  pointed  out  the  imperfections  of  Joule's  determination. 
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As  to  the  value  found  by  Icilios,  it  is  snfScient  to  remark  that  his  methods  re- 
quire the  combination  of  a  great  number  of  accurate  determinations  which  are 
independent  of  each  other.  It  is,  therefore,  small  matter  of  wonder,  if  his  re- 
sult deviates  much  from  the  number  425,  which  seems  to  be  the  mean  of  the 
other  determinations.* 

Let  us  now  consider  the  application  of  the  new  theory  in  chemistry.  In  the 
three  kinds  of  machines  which  we  have  considered,  we  see  that  the  motive 
power  is  due  to  a  consumption  of  heat.  But  from  whence  comes  this  heat,  if 
-not  from  the  action  of  chemical  forces  ?  In  the  steam  and  hot-air  engines  we 
have  heat  generated  by  the  chemical  action  of  combustion,  and  while  this  heat 
calls  into  existence  a  series  of  physical  processes,  a  part  of  it  disappears  and 
reappears  in  the  shape  of  mechanical  work. 

In  the  electro-magnetic  engine  the  transformation  is  direct.  The  heating 
effects  of  a  certain  amount  of  chemical  action  are  diminished  by  the  action  of 
the  opposed  "  induced"  currents,  by  an  amount  exactly  equal  to  the  mechani- 
cal work  performed.  This  difference,  however,  cannot  conceal  the  funda- 
mental identity  of  the  three  cases.  In  all  three  the  motive  force  is  either  a 
direct  or  indirect  transformation  of  chemical  a&nities. 

These  mysterious  forces,  which  seem  to  elude  all  exact  determination, 
thus  come  under  the  dominion  of  general  mechanical  laws,  and  are  susceptible 
of  numerical  determinations.  We  cannot  determine  their  actual  intensities, 
that  is,  measure  the  accelerations  which,  in  a  given  time,  they  impart  to  the 
atoms  upon  which  they  act ;  but  their  work  in  the  composition  or  decomposi- 
tion of  any  combination  can  now  be  determined  with  the  same  exactness  as 
the  work  of  falling  water. 

If,  for  example,  one  gram  of  hydrogen  and  eight  grams  of  oxygen,  of  a  cer- 
tain temperature,  are  brought  together  under  such  circumstances  as  to  cause 
their  union,  and  if  we  then  bring  the  nine  grams  of  steam  or  water  back  to  the 
original  temperature,  the  amount  of  heat  which  must  be  imparted  to  outer 
bodies,  multiplied  by  the  mechanical  equivalent,  is  the  exact  work  of  the 
chemical  action,  provided  that  the  union  is  not  accompanied  by  any  outer 
work,  that  no  living  force  is  imparted  to  other  bodies,  or  imparted  to  the 
bodies  which  take  part  in  the  chemical  action.  The  case  of  an  explosion 
which  is  accompanied  by  mechanical  action  is  therefore  excluded.  You  will 
readily  recognize  that  this  limitation  is  unavoidable,  for,  as  we  have  seen  in 
the  electro-magfnetic  engine,  a  constant  amount  of  chemical  action  can  gen- 
erate a  different  amount  of  heat,  according  as  we  have  a  simultaneous  develop- 
ment of  mechanical  work  or  not. 

I  scarcely  need  to  call  your  attention  to  the  importance  of  this  new  point  of 
view  in  thermo-chemical  investigations.  It  forms  at  once  a  bond  of  union  be- 
tween chemistry  and  general  mechanics.  Nor  is  this  one  of  those  superficial 
and  unfruitful  remarks  which  are  constantly  uttered  as  to  the  universality  of 
mechanical  laws  or  the  dependence  of  every  phenomenon  upon  motion.  We 
can  give  examples  of  chemical  action  which  can  only  now  be  perfectly  ex- 
plained by  mechanical  considerations.  Such  examples  are  found  in  that  part 
of  chemistry  which  we  may  call  electro-chemistry,  and  which  is  projierly  con- 
sidered as  equally  belonging  to  chemistry  and  physics. 

•  See  Note  M. 
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You  know  that  a  carrent  which  passes  through  a  compound  conductor 
always  decomposes  it.  You  know,  farther,  that  every  chemical  action  which 
occars  between  two  conducting  bodies  which  form  a  closed  circuit  causes  a 
current.  Hence  it  seems  evident  that  there  must  be  decomposition  when  we 
put  the  poles  of  a  battery  in  connection  with  two  strips  of  platinjum  immersed 
in  a  compound  conducting  liquid.  This  conclusion  is,  however,  inexact.  The 
decomposition  of  water,  for  example,  is  impossible  by  means  of  a  battety  com- 
I>osed  of  zinc  and  platinum  or  copper,  with  water  acidulated  with  sulphuric 
acid.  Ordinarily,  in  order  to  increase  the  conductive  power  of  a  fluid,  acid  is 
added  to  it,  but  even  this  fails  here.  There  is  no  decomposition,  and  no  appre- 
ciable current  flows  through  the  apparatus.*  These  facts  appeared  for  a  long 
time  incomprehensible,  but  it  is  easy  to  show  that  it  is  mechanically  impossible 
under  these  circumstances  to  decompose  the  water.  The  negative  work  of  the 
chemical  affinities  is,  by  such  decomposition,  greater  than  the  positive  work  of 
the  affinities  in  the  battery. 

We  know  that  the  decomx)osition  of  one  equivalent  of  zinc  in  every  dilute 
acid  corresponds  to  87,860  heat  units.  On  the  other  hand,  the  combustion. of 
one  equivalent  of  hydrogen  generates  84,400  heat  units.  It  is  clear  that,  in 
the  battery  with  acid  water,  the  negative  work  of  the  chemical  affinities  must 
be  exactly  equal  and  opposed  to  the  positive  work  of  the  same  affinities  which 
in  an  apparatus  serve  for  the  combustion  of  the  hydrogen.  If,  therefore, 
according  to  the  laws  of  electro-chemistry,  we  assume  that  each  equivalent  of 
zinc  decomposed  in  the  battery  causes  the  decomposition  of  one  equivalent  of 
water,  or  the  formation  of  two  equivalents  of  hydrogen,  and  if  we  take  into 
account,  also,  the  heat  generated  in  the  conductor  by  the  current,  we  shall  find 
in  a  system  at  rest  a  greater  negative  than  positive  work,  and  at  the  same 
time,  in  addition,  a  generation  of  heat,  that  is,  of  living  force.  This  is  a 
mechanical  confradiction,  the  existence  of  which  shows  why  decomposition 
cannot  occur.    For  this  explanation  we  are  indebted  to  Favre.f 

Undoubtedly  this  phenomenon  appears  essentially  different  from  ordinary 
chemical  processes.  There  is  in  the  system  a  regular  combination  of  substances 
acting  upon  each  other,  and  also  conductors  which  take  no  part  in  the  chemi- 
cal actions,  and  yet  whose  presence  is  absolutely  necessary.  All  this  does 
not  seem  to  resemble  very  closely  the  reactions  which  go  on  in  the  test  tube  of 
the  chemist.  If,  however,  we  recall  the  fact,  which  is  to-day  settled,  that  the 
action  of  acid  hydrates  upon  metals  is  always  a  pure  galvanic  process,  in  which 
the  metal,  its  impurities,  and  the  acid  form  a  galvanic  chain,  we  shall  probably 
be  inclined  to  regard  the  difference  as  only  accidental,  and  to  see  in  this  first 
application  of  mechanical  considerations  to  electro-chemical  processes  the  type 
of  a  series  of  applications  which  may  in  future  extend  over  the  whole  domain 
of  chemistry,  t 

Just  as  electro-chemical  phenomena  find  their  explanation  in  the  considera- 
tion of  the  heat  effects  of  combinations,  so  the  theory  of  electric  currents 
allows  in  many  cases  of  other  determinations,  in  the  place  of  calorimetric 
measurements,  which  may  be  made  much  easier  by  means  of  the  galvanometer 
and  the  rheostat.  From  Ohm's  laws,  together  with  the  laws  of  electric  heat- 
ing, we  deduce  that  the  total  heat  generated  by  the  chemical  action  involved 

*SeoNoto25.  tSeeNoteaO.  tSeeNotem*. 
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in  the  decomposition  of  one  equivalent  of  zinc  is  proportional  to  that  number 
which  we  call  the  electro-motive  force.  This  at  least  is  always  the  case  when 
there  is  no  disturbing  action  by  reason  of  a  gas  developed  upon  the  surface  of 
a  metal  in  the  battery  or  in  the  circuit. 

This  relation,  first  clearly  announced  by  Helmholtz  in  1847,  appears  to  have 
been  discovered  by  Joule  in  1841.  It  gives  to  the  determination  of  electro- 
motive forces  especial  interest,  and  has  led  Regnault  to  interesting  conclusions 
as  to  the  constitutions  of  metallic  amalgams.* 

We  have  long  known  that  the  electro-motive  force  of  a  galvanic  battery  is 
considerably  increased  when  we  substitute  amalgamated  for  pure  zinc,  but 
thus  far  have  been  able  to  give  for  this  peculiar  result  only  still  more  peculiar 
explanations.  Begnault  remarked  that  amalgamated  zinc  generated  more 
heat,  in  combining  with  oxygen  and  an  acid,  than  pure  zinc,  and  that,  conse- 
quently, when  the  mercury  is  separated  from  the  zinc,  heat  is  developed.  The 
opposite  process — the  formation  of  the  amalgam — must  therefore  produce  cold. 
The  electro-motive  force,  on  the  other  hand,  is  diminished  when  we  substitute 
^amalgamated  for  pure  cadmium.  The  amalgamation  of  cadmium  must  there- 
fore produce  heat.  Both  these  conclusions  are  perfectly  confirmed  by  experi- 
ment. These  phenomena  find  their  explanation  in  the  almost  perfect  identity 
in  chemical  properties  of  zinc  and  cadmium,  and  their  great  difference  in  latent 
heat.  The  two  metals  possess  probably  almost  the  same  affinities  for  quick- 
silver, and  their  union  with  this  substance  must  therefore  involve  almost  equal 
quantities  of  heat.  When  the  amalgam  is  decomposed,  we  have  then,  as  the 
caloric  result,  only  the  difference  between  the  heat  developed  by  chemical 
action,  and  that  absorbed  during  decomposition.  We  thus  see  how  the  zinc 
can  produce  cold  and  the  cadmium  heat,  since  the  first  metal  requires  for 
liquefaction  about  twice  as  much  heat  as  the  second.  These  considerations 
apply  to  all  metallic  amalgams,  and  are  in  accordance  with  experiment.  (See 
the  remarks  of  Begnault  in  the  Gomptes  rendus,  1860,  vol.  li.,  p.  778.) 


X. 

But  not  only  machines  owe  their  moving  force  to  the  work  of  chemical 
affinities.  The  motive  power  of  man  and  animals  is  due  to  the  same  cause. 
Breathing  and  all  the  chemical  reactions  which  take  place  between  the  outer 
atmosphere  and  the  body  serve  not  only  to  preserve  a  constant  temperature 
and  to  remove  waste  materials.  Breathing  is  also  the  source  of  the  capability 
which  a  living  being  possesses  of  moving  exterior  bodies,  or,  by  means  of  some 
outer  point  of  resistance,  of  moving  itself. 

However  complex  these  chemical  reactions  may  be,  individually,  their  final 
result  corresponds  to  the  natural  tendency  of  the  affinities.  This  is  a  constant 
formation  of  water  and  carbonic  acid  at  the  expense  of  the  hydrogen  and 
carbon  which  exist,  either  in  the  body  or  in  the  food,  in  a  combination  in  which 
their  affinities  for  oxygen  are  not  completely  satisfied.  The  work  of  the 
chemical  processes  in  breathing  is  thus  essentially  positive.  If  the  animal  is 
at  rest,  this  work  is  the  equivalent  of  the  amount  of  heat  which  is  constantly 
developed  in  order  to  replace  the  loss  of  heat  due  to  radiation,  contact  with  the 

*SeeNote88. 
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air,  and  perspiration.*  If  the  animal  is  in  motion,  a  portion  of  the  work  of 
the  chemical  affinities  is  equivalent  to  the  oater  work  performed,  and  only  the 
i>emunder  is  converted  into  heat.  Therefore,  the  same  amoont  of  chemical 
action  caases  in  an  organism  at  rest  a  greater  amount  of  heat  than  when  the 
organism  is  in  motion. 

These  ideas,  which  were  first  expressed  hy  Julius  Robert  Mayer,  in  1845, 
have,  in  fact,  caused  in  general  physiology  an  advance  similar  to  that  which 
was  due  to  the  discoveries  of  Lavoisier  and  Sennebier  upon  respiration,  at  the 
end  of  the  last  century.  They  have  not  remained  purely  theoretical ;  two 
different  series  of  experiments  have  given  very  remarkable  confirmation.  The 
first  is  due  to  Him.  It  consisted  in  confining  a  man  in  a  closed  room,  who  for 
some  time  remained  at  rest.  He  then  performed,  for  some  time,  work  in  a 
tread-mill,  and  in  both  cases  the  heat  and  chemical  action  of  respiration  were 
observed.  Each  time  the  heat  generated  and  the  carbonic  acid  exhaled  were 
measured.  The  ratio  of  the  first  to  the  second  was  less  during  motion  than 
during  rest.  A  given  amount  of  chemical  action,  therefore,  developed  less 
heat  while  work  was  performed  than  during  rest.  The  difference,  for  each 
individual,  was  closely  proportional  to  the  work  performed.  The  conditions  of 
the  experiment  are,  however,  too  complex,  and  the  changes  in  the  body  too 
difficult  of  measurement,  in  order  to  determine  in  this  way,  as  Him  endeavored 
to  do,  the  value  of  the  mechanical  equivalent  of  heat. 

B^clard  attacked  the  question  in  another  way,  and  by  means  of  an  experi- 
ment which  any  one  who  possesses  a  good  thermometer  can  repeat,  showed 
that  heat,  in  the  organism,  is  transformed  into  work.  By  the  simple  applica- 
oation  of  such  an  instrument  to  the  muscles  of  the  arm,  he  showed  that  the 
heat  generated  by  muscular  contraction  was  always  less  when  the  muscles, 
during  contraction,  performed  outer  work,  such  as  the  raising  of  a  weight. 
He  showed,  further,  that  the  heat,  on  the  other  hand,  is  increased  when  the 
muscles  support  a  weight,  which,  falling  under  the  action  of  gravity,  performs 
outer  positive  work. 

The  results  of  these  two  series  of  experiments  are  the  most  valuable  by 
which  experimental  physiology  has  in  recent  times  been  enriched.  It  is,  more- 
over, clear  that  they  are  in  nowise  contradicted  by  the  daily  experience  that 
every  bodily  exertion  is  accompanied  by  heat.  The  contraction  of  a  muscle 
increases  tmdoubtedly  the  heat  generated  in  an  organism  in  a  given  time,  but  it 
increases  also  the  consumption  by  respiration,  so  that,  even  without  direct  proof, 
we  might  conclude  the  necessity  of  nourishment  as  a  consequence  of  work. 

The  investigations  of  Him  and  B^clard  simply  show  that,  in  accordance 
with  the  theory  of  Mayer,  the  consumption  increases  in  a  greater  ratio  than 
the  generation  of  heat.  Every  animal,  every  being  endowed  with  voluntary 
motion,  can  thus  be  regarded  as  a  heat  engine.  Every  motion  is  but  a  partial 
transformation  into  work  of  heat,  furnished  by  combustion  of  fuel  in  the  shape 
of  food,  etc.,  perfectly  comparable  to  that  transformation  which  occurs  in  the 
electro- magnetic  engine.  If  a  living  being  can  apparently  Increase  at  will  the 
sum  of  the  living  forces  surrounding  him  at  any  moment,  it  is  only  under  the 
condition  that  the  sum  of  the  living  forces  of  the  heat  generated  by  chemical 
actions  in  his  own  organism  shall  be  diminished  by  a  precisely  equivalent 

•  See  Note  39. 
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amount.  We  may,  in  fact,  say  that  be  possesses  only  the  power tof  directing 
the  living  forces  which  are  l>eiDg  constantly  generated  witbin  him  by  the 
action  of  chemical  affinities  ;  and  in  order  to  sbow  the  true  natare  of  this 
power  I  cannot  do  better  than  to  borrow  from  Mayer  the  comparison  of  the 
will  in  a  sentient  animal  to  the  man  at  the  helm  of  a  steamship,  which  he 
indeed  guides,  bat  without  being  in  any  sense  the  physical  cause  of  the 
motion.  *'  The  motion  of  the  vessel,"  says  Mayer,  "  obeys  the  will  of  the 
pilot  and  the  engine-driver — ^the  spiritual  influence  without  which  the  ship 
could  not  move,  or  would  be  destroyed  on  the  first  reef.  The  pilot  guides,  but 
he  does  not  move.  For  motion,  the  force  in  the  coal  is  necessary,  and  with- 
oat  this  the  ship  must  remain  at  rest-^ead — no  matter  how  strong  the  will 
of  the  pilot." 

XL 

^n  essentially  different  field  is  opened  to  us  by  the  vegetable  kingdom.  In 
the  higher  piants,  at  least,  the  final  result  of  the  life  processes  is  opposed  to 
the  chemical  affinities.  Under  conditions  which  continually  tend  to  convert  sub- 
stances into  carbonic  acid  and  water,  still  the  higher  plants  are  constantly  in- 
creasing the  quantity  of  these  substances  already  existing.  The  work  of  the 
affinities  within  them  is  therefore  a  negative  one,  and  our,  as  yet,  complete  ignor- 
ance as  to  the  mechanism  of  plant  life  need  not  prevent  our  giving  complete 
assent  to  this  conclusion,  for  it  is,  after  all,  only  formulating  tliat  which  goes  on 
in  every  forest  and  on  e^ery  meadow.  Apparently  without  sustenance,  and 
year  after  year,  wood  and  grasses  are  produced,  and  removed  by  man.  But  this 
continual  triumph  of  the  vegetable  kingdom  over  chemical  affinities  can  only 
be  sustained  by  an  equivalent  consumption  of  living  force  or  of  heat.  Hence, 
for  all  vegetation,  the  direct  or  indirect  action  of  the  sun  is  an  absolute  neces- 
sity. Only  infusorial  plants  and  parasites  are  exceptions.*  Neither  the  special 
refrangibility  of  those  rays  which  are  considered  as  especially  favorable  to 
vegetation, f  nor  the  weakness  of  their  thermometric  action,  distinguishes  these 
rays  essentially  from  those  which  are  called  "heat  rays."  That  which  the 
plant  absorbs  from  the  sun  is  heat — that  is,  living  force  ;  a  vibrating  motion 
of  atoms  distinguished  only  by  period  and  amplitude  of  vibration  from  those 
which  act  upon  the  thermometer.  By  the  consumption  of  this  living  force  the 
amount  of  combustible  material  is  increased.  In  the  combustion  of  the  pro- 
ducts of  vegetation  we  simply  recover  this  living  force,  which  opposed  the 
chemical  affinities  and  prevented  combination.  Thus,  to  a  transformation  of 
the  sun's  heat  we  owe  the  fuel  we  bum  and  the  vegetable  food  which  sustains 
the  energies  of  man  and  beast.  To  a  similar  transformation  we  owe  all  the 
mineral  fuel  which  sustains  our  industries.  When  we  remember,  further, 
that  it  is  the  sun  which  makes  the  wind  to  blow,  which  evaporates  water,  and 
causes  rain  and  sustains  rivers,  you  will  recognize  that  not  only  the  motion  of 
the  tides,  but  every  motion  upon  this  earth,  has  its  origin  directly  or  indirectly 
in  the  sun. 


•  8ee  Note  90. 

t  See  Note  81.  Vcrdet  wrote  the  above  lines  under  the  erroneous  Impression  that  the 
more  refrangible  part  of  the  spectrnm  was  that  which  furnished  the  \U\n^  force  to  the  plant. 
The  Note  81  gives  those  experiments  and  views  which  are  now  generally  accepted. 
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XII. 

This  beantifol  natural  harmony  tarns  our  attention  to  the  centre  of  our 
system,  and  leads  us  to  the  consideration  of  the  astronomical  applications  of 
the  new  theory. 

You  are  all  familiar  with  the  hypothesis  of  Buffon  as  to  the  origin  of  the 
sun's  heat.  According  to  him,  the  unceasing  fall  of  comets  upon  the  surface 
of  the  sun  furnishes  the  materials  of  combustion.  The  more  we  haTe  learned 
about  the  motions  of  comets,  and  the  more  we  have  departed  from  the  idea 
that  the  sun  is  a  furnace  similar  to  our  artificial  sources  of  heat,  the  more  has 
Buffon's  hypothesis  been  forgotten.  The  mechanical  theory  of  heat  has  revived 
it  again  and  rejuvenated  it.  Mayer  first  called  attention  to  the  fact  that  a  body 
arriving  at  the  sun  would  lose,  at  the  moment  of  its  impact,  the  enormous 
quantity  of  living  force  due  to  the  action  of  gravity,  and  that  this  loss  of  living 
force  must  cause  a  development  of  heat.  It  is  sufficient,  therefore,  to  account 
for  all  the  heat  which  the  sun  gives  out  into  space,  if  its  mass  is  continually 
growing  by  the  addition  of  comets,  aerolites,  and  other  cosmical  bodies. 

William  Thompson,  who  has  developed  and  followed  up  this  idea  of  Mayer 
with  equal  sagacity  and  boldness,  believes  that  these  bodies,  which  by  their 
fall  heat  the  sun,  probably  come  from  that  immense  cloud  which  surrounds  it, 
to  which  astronomers  give  the  name  of  "  zodiacal  light."  Assuming  this,  he 
was  able  to  calculate  the  mass  which  must  yearly  fall  upon  the  sun,  in  order  to 
compensate  the  loss  of  heat  which  follows,  froni  the  researches  of  Pouillet 
upon  the  thermometrical  effects  of  the  sun's  rays.  If  this  mass  has  the  mean 
density  of  the  sun,  it  would  form  a  layer  of  only  twenty  meters  in  thickness. 
This  thickness  is  considerably  less,  if  we  assume  with  Watterson  that  the  mass 
which  the  sun  attracts  streams  in  from  all  quarters  of  space.  In  either  case 
there  is  an  inconsiderable  increase  of  diameter,  which  would  elude  the  closest 
scrutiny  for  many  years.  Even  according  to  Thompson's  estimate,  it  would 
require  no  less  than  four  hundred  years  in  order  that  the  angle  subtended  at 
the  sun  should  be  increased  by  one-tenth  of  a  second. 

But  another  consequence  of  the  hypothesis  allows  of  an  easier  test  by 
experiment.  The  sun  turns  upon  its  axis  in  about  25  days.  Every  foreign 
substance  which  unites  with  it  diminishes  its  velocity  of  rotation.  Thompson 
has  calculated  the  thickness  of  the  layers  gradually  deposited  upon  the  sun's 
surface,  and  found  that  the  retardation  would  amount  to  one  hour  in  58  years. 
Unfortunately,  we  cannot  at  present  determine  the  time  of  rotation  within  an 
hour.  It  is  very  difficult  of  determination,  as  it  must  be  found  by  observation 
of  sun  spots,  which  have  also  a  proper  motion  of  their  own,  as  well  as  sharing 
the  motion  of  the  sun.  The  influence  of  this  proper  motion  can  only  be  elim> 
inated  by  long  series  of  observations.  This  second  confirmation  therefore  is  at 
present  impossible,  and  would  appear  to  be  so  for  a  long  time  to  come.  But  it 
is  not,  like  the  first,  deferred  to  an  infinite  time. 

The  fundamental  idea  of  the  mechanical  theory  of  heat  has  been  combined 
with  the  hypothesis  of  Laplace  as  to  the  origin  of  the  solar  system,  and  we 
thus  obtain  another  explanation  of  the  heat  of  the  sun  and  planets.  The 
endeavor  has  even  been  made  to  deduce  in  this  manner  the  age  of  the  sun. 
I  do  not  require  that  you  shall  follow  me  in  speculations  of  this  kind,  which 
may  perhaps  appear  as  extremely  hypotheticali  or  for  which  the  test  of  expe- 
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rience  appears  too  distant ;  but  I  would  point  out  how  far  the  scope  of  the  new 
theory  extends.*  In  this  connection  it  has  been  said  that  science  is  on  the 
road  to  the  discovery  of  new  laws,  as  fondamental  and  as  accurate  as  those 
made  known  by  Newton  in  his  generation.  Ton  may  perhaps  be  inclined  to 
see  nothing  chimerical  in  this  yiew. 


XIIL 

I  cannot,  however,  allow  you  to  believe  that  these  laws  are  yet  discovered. 
Now  that  I  have  indicated  all  that  the  new  theory  teaches  us,  I  must  also  call 
yoar  attention  to  what  it  compels  us  to  neglect.  The  principle  of  the  equivalence 
of  heat  and  work  is  only  one  form  of  the  equation  of  living  forces.  A  special 
advantage  connected  with  the  application  of  this  equation  is,  that  it  allows  us 
to  express  relations  between  different  conditions  of  the  same  system  which  are 
independent  of  intermediate  conditions.  Its  disadvantage  is,  that  it  shows  us 
nothing  as  to  these  intermediate  conditions.  This  is,  strictly,  the  true  charac- 
ter of  the  new  theory.  It  teaches  us  the  **  why  "  and  the  "  how  much,"  but 
it  does  not  answer  the  "  how."  Thus  we  know  indeed  that  steam,  in  expand- 
ing, transforms  a  part  of  the  heat  which  it  contains  into  work  or  living  foipe ; 
we  know  that  induced  currents  are  necessary  in  order  that  both  motive  power 
and  beat  may  be  furnished  ;  bat  in  both  cases  the  process  itself,  the  play  of  the 
elementary  forces,  is  unknown.  It  is  much  to  have  determined  the  true  nature 
of  a  problem,  and  to  have  confined  within  fixed  limits  the  field  opened  out  by 
hypothesis.  The  application  of  the  mechanical  theory  of  heat  to  gases  has 
led  directly  to  the  discovery  of  a  theory  of  their  constitution,  which  at  least 
expresses  very  satisfactorily  the  known  facts.  We  may  justly  hope  that  this 
will  not  be  the  only  example,  and  that  the  new  theory,  after  showing  the 
necessary  connection  between  phenomena,  will  also  aid  us  to  penetrate  into 
the  inmost  secrets  of  nature. 


XIV. 

The  importance  which  we  must  now  attribute  to  the  new  theory  renders  it 
necessary  as  well  as  desirable  that  I  should  give  a  short  history  of  it,  in  which 
I  shall  endeavor  to  do  justice  to  the  principal  discoverers.  This  is  so  much  the 
more  necessary,  inasmuch  as  I  have  thus  far  given  only  its  ideas  in  logical 
order,  without  reference  to  the  historical  sequence  of  the  discoveries. 

We  can  distinguish  two  periods  in  this  science.  In  the  first,  which  reaches 
np  to  the  year  1842,  similar  ideas  of  the  mechanical  heat  .theory  were  held  by 
different  authors,  but  the  facts  thus  explained  were  soon  regarded  from  differ- 
ent points  of  view,  and  attempts  were  made  to  refer  them  to  general  laws. 
The  real  principle,  however,  was  not  discovered,  and  all  these  attempts  re- 
mained unfruitful  and  without  essential  influence  upon  the  progress  of  science. 
The  work  of  this  period  bore,  nevertheless,  its  fruits  in  due  time,  and,  as  often 
bappeas  with  great  discoveries,  was  revived  again  about  the  year  1842,  when 
several  geniuses  expressed  the  new  ideas  with  sharpness  and  clearness.    Shortly 

•  See  Note  82. 
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after  the  beginning  of  that  period  of  rapid  progress  which  always  attends  the 
discovery  of  a  trae  principle,  a  few  years  sufficed  to  erect  the  shapely  stract- 
ure,  which  I  have  endeavored  hastily  to  show  you  over. 

The  first  name  among  the  list  of  those  whom  we  can  call  the  forerunners 
of  the  mechanical  theory  of  heat,  is  the  famous  one  of  Daniel  Bernoulli.  The 
Hydrodynamics  of  this  great  geometer  and  physicist,  which  for  more  than  a 
century  remained  neglected  and  forgotten,  contains  the  theory  of  the  constitu- 
tion of  gases  to  which  I  have  already  referred.  His  contemporaries  probably 
saw  in  it  only  the  effects  of  the  old  Cartesian  hypothesis,  and  not  until  recent 
times  has  it  been  recognized  that  here  was  the  germ  of  a  new  science. 

In  the  year  1780,  somewhat  more  than  forty  years  after  the  publication  of  the 
Hydrodynamics,  Lavoisier  and  Laplace,  while  speaking,  in  their  treatise  upon 
heat,*  of  the  two  hypotheses  which  can  be  formed  of  this  physical  agent,  ex- 
pressed themselves  as  follows:   "Other  physicists  believe  that  heat  is  only 

the  result  of  imperceptible  vibrations  of  matter In  any  system 

heat  is  the  living  force  of  the  imperceptible  vibrations  of  the  molecules  of  a 
body  ;  it  is  the  sum  of  the  products  of  the  masses  of  each  molecule  into  the 

square  of  the  velocities We  do  not  assume  to  decide  between  the 

two  hypotheses.  Many  phenomena  seem  to  sustain  the  last ;  as,  for  example, 
the  heat  generated  by  the  friction  of  two  bodies ;  but  there  are  others  which 
seem  better  explained  by  the  first.  It  may  be  that  both  hold  good."  Bat 
after  this  plain  and  clear  definition  we  find  nowhere  in  the  treatise  any  attempt 
to  compare  the  living  forces  of  heat  with  ordinary  living  force,  such  as  the 
station  or  motion  of  the  center  of  gravity  of  a  body.  They  never  compare 
heat  with  anything  else  than  itself,  and  it  contributes  accordingly  little  to  the 
value  of  their  remarks  whether  heat  is  regarded  as  an  indestructible  matter 
or  as  a  quantity  of  living  force. 

Indeed  they  go  further,  and  regard  as  proved  a  principle  which  is  in  direct 
contradiction  to  that  of  the  transformation  of  heat  into  work.  "All  changes  of 
heat,"  they  say,  "  whether  actual  or  only  apparent,  which  any  system  of  bodies 
undergoes  while  changing  its  condition,  are  repeated  in  reverse  order  when 
the  system  is  brought  back  to  its  original  condition."  If  they  had  added,  pn^- 
vided  such  cliangh  of  condition  is  not  accompanied  by  outer  toork,  the  mechanical 
theory  of  heat  would  have  been  founded.  But  without  such  proviso  this  asser- 
tion of  Lavoisier  and  Laplace  is  an  error,  which  is  daily  confuted  by  the  steam 
or  electro-magnetic  engine. 

It  is  impossible  to  say  how  the  views  of  Lavoisier  upon  this  question  would 
have  changed  had  he  lived  longer.  We  conclude  from  his  treatise  upon 
chemistry,  that  up  to  the  year  1789  he  had  not  completely  given  up  the  theory 
that  heat  consists  in  «  motion  of  molecules. 

It  is  indeed  true,  that,  probably  in  deference  to  the  general  opinion,  he 
spoke  of  gases  as  if  they  were  composed  of  a  union  of  certain  bases  with 
caloric.  But  he  continually  made  limitations  of  which  we  find  no  trace  in  the 
writings  of  his  scholars,  and  it  was  not  without  some  hesitation  that  he  placed 
light  and  heat  at  the  head  of  the  list  of  simple  bodies. 

As  to  Laplace,  his  views  underwent  rapid  change.  In  all  which  he  wrote 
during  his  connection  with  Lavoisier  he  appeared  as  the  ardent  advocate  of 

«  M6molre  ear  la  cbaieor.   M^moires  de  rAcad6mle  des  SdenceB,  1780,  p.  867. 
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the  materiality  of  heat.    His  weighty  authority  alone  procured  belief  for  the 
theory,  which  rested  upon  not  the  slightest  proof. 

Toward  the  end  of  the  last  century,  about  the  years  1708  and  1709,  tiro 
experiments  were  made  which  sufficed  to  show  the  untenability  of  the  theory 
espoused  by  the  author  of  the  "Mecanique  C^l^ste."  These  were  the  famous 
experiments  of  Rumford  and  Davy  upon  heat  generated  by  friction.  Rum  ford, 
at  the  foundry  at  Munich,  measured  as  exactly  as  he  was  able  the  heat  gener- 
ated in  boring  a  cannon,  and  in  order  to  leave  no  doubt  as  to  its  origin,  he 
determined  the  specific  heat  of  the  bronze  and  of  the  borings.  There  appeared 
no  perceptible  difference  between  the  two,  and  thus  the  only  reasonable  expla- 
nation which  could  be  offered  by  the  material  theory  of  heat  was  negatiTed 
decisively. 

It  had,  in  fact,  been  assumed  that  in  the  pulverized  bodies  the  specific  heat 
was  much  less  than  in  the  same  bodies  solid,  and  it  followed  indeed  from  this 
assumption  that  the  pulverization  of  a  body  by  the  friction  must  be  accom- 
panied by  heat.  But  it  was  forgotten  that,  in  such  case,  friction  itself  must 
create  heat  when  there  is  no  change  in  the  rubbing  surfaces.  The  experiment 
of  Rumford  showed,  moreover,  the  incorrectness  of  any  such  assumption. 

The  experiment  of  Davy,  about  a  year  later,  showed,  if  possible,  still  more 
conclusively  the  error  of  thd  old  theory.  Two  pieces  of  ice,  rubbed  together, 
melted  very  rapidly,  and  formed  a  liquid  whose  specific  heat  was  more  than 
double  that  of  the  ice.  Davy  also  used  every  precaution  in  order  to  show  that 
the  generation  of  heat  was  not  accompanied  by  any  noticeable  absorption  in 
any  part  of  the  apparatus. 

Among  the  contemporaries  of  Rumford  and  Davy,  Young  appears  to  have 
been  the  only  one  to  fully  realize  the  scope  of  these  experiments.  In  his  lec- 
tures on  natural  philosophy,  published  in  1807,  he  placed  them  among  his 
immortal  discoveries  as  to  the  nature  of  light,  and  he  all  but  reached  the  true 
principle  of  the  mechanical  heat  theory.  He  was  the  first  to  cast  doubt  upon 
the  principle  of  Lavoisier  and  Laplace,  to  which  I  have  alluded.  "Probably 
not  in  a  single  case,"  he  says,  in  his  lecture  upon  the  nature  of.  beat,  "is  the 
heat  absorbed  exactly  equal  to  the  beat  given  up  in  the  reverse  process."  In 
this  simple  doubt  lies  concealed  the  essential  principle  of  the  mechanical 
theory  of  heat.  Young,  indeed,  admitted  the  probability  of  the  equivalence 
of  the  absorb^  and  generated  heat,  but  the  simple  expression  of  doubt  upon 
an  axiom  of  this  character  in  the  year  1807  is  noteworthy.* 

Unfortunately,  this  was  the  period  when  the  law  of  double  refraction  was 
looked  upon  as  an  argument  in  favor  of  the  emission  theory  ;  the  same 
X>eriod  in  which  the  elegant  treatises  of  Fresnel  remained  forgotten.  Even 
when,  in  the  year  1824,  the  original  genius  of  Sadi  Carnot,  awakened  by  the 
industrial  revolution  inaugurated  by  the  steam  engine,  sought  to  unfold  the 
general  laws  of  heat,  he  accepted  without  question  the  materiality,  and  there- 
fore the  indestructibility,  of  heat  as  his  starting-point. f  It  may  perhaps  sur- 
prise you  when  I  add,  that  in  spite  of  this  fundamental  error,  the  names  of 
Sadi  Carnot  and  of  his  learned  commentator,  Clapeyron,  occupy  distinguished 


*  Lectures  on  Natural  Philos>ophy,  vol.  {.,  p.  651,  edition  of  1867. 

t  M^moire  ear  la  pnlManco  motrice  de  ia  chalcnr.     Jonmal  de  r£colc  pctlytechniqne,  vol. 
ziv.,  p.  170, 1884.    PogKendorfl'8  Anualen,  vol.  50,  p.  446. 
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places  in  the  history  of  the  science.  To  Sadi  Ganiot  we  owe  the  methods  of 
discussion  of  which  the  meciiADical  theory  of  heat  makes  ose.  In  his  writ- 
ings we  find  the  first  ezampies  of  the  cycle  process— of  that  series  of  changes 
hy  which  a  hody  passes  in  a  determinate  manner  from  one  condition  to  another, 
and  then  in  another  determinate  manner  returns  to  its  initial  condition. 

Clapeyron  has  cleared  up  the  ohscurity  of  Camot's  treatise,  and  showed 
how  to  treat  analytically  and  represent  |,ssMisiiisaUy  Ihw  wmm  and  finftfnl 
method  of  treatment.  These  two  liave  to  a  certain  extent  created  the  l<^e 
of  tlie  science.  As  true  principles  were  discovered,  they  only  needed  to  he  sub- 
jected to  the  forms  of  this  logic,  and  it  is  easily  conceivable  that  without  the 
work  of  Gkmot  and  of  Clapeyron  the  advance  of  the  new  theory  would  have 
been  much  less  rapid. 

Finally,  we  close  this  first  portion  of  our  historical  sketch  by  recaUing 
that  Seguin,  in  a  work  published  in  1889»*  of  more  political  than  phyacal 
Interest,  has  given  views,  as  to  the  steam  engine,  closely  related  to  those  bv 
which,  in  our  first  lecture,  we  have  sought  to  render  plain  to  you  the  trans- 
formation of  heat  into  work.f 

I  come  now  to  those  labors  by  which,  since  the  year  1842,  the  sdenoe  has 
heen  built  up.  These  labors  are  more  especially  those  of  three  men,  who 
without  connection  with  one  another,  without  even  knowing  each  other,  at  the 
same  time  and  in  almost  the  same  manner  arrived  at  the  same  results.  The 
priority  in  sequence  of  publication  belongs  uodoubtedly  to  the  German  physi- 
cian, Julius  Robert  Mayer,  whose  name  we  have  already  had  f rf>quent  occasion 
to  mention,  and  it  is  interesting  to  note  that  it  was  through  observation  of 
facts  occurring  in  his  medical  practice  that  he  was  led  to  recognize  a  necessary 
equivalence  between  heat  and  work.  The  changes  in  the  color  of  arterial  and 
venous  blood  turned  his  attention  to  the  theory  of  respiration,  t  He  recognised 
at  once  the  breath  as  the  origin  of  the  motive  power  of  animals.  The  com- 
parison of  animals  to  heat  engines  led  him  gradually  to  the  discovery  of  the 
important  principle  with  which  his  name  is  forever  associated.  This,  at  least, 
is  the  account  which  he  himself  has  given  us  in  his  writings  of  the  develop- 
ment of  his  ideas. 

We  find,  moreover,  in  these  writings,  the  first  determination  of  the  mechani- 
cal equivalent  of  heat,  deduced,  in  perfect  accordance  with  principle,  from  the 
properties  of  gas,  but  incorrect  in  value  because  the  true  values  of  the  coeffi- 
cient of  expansion  and  the  specific  heat  of  air  were  then  very  imperfectly 
determined.  Mayer's  papers,  ''  Die  organische  Bewegung  in  ihrem  Zusam- 
menhange  mit  dem  Stoffwechsel,*'  and  "  Beitrftge  zur  Dynamik  des  Himmels," 
which  last  appeared  in  1848,  contained  also  physiological  and  astronomical 
applications  which  show  that  he  clearly  appreciated  the  scope  of  his  dis- 
covery. 

About  the  time  of  the  first  publication  of  Mayer,  a  series  of  articles  by 
Oolding,  an  eng^eer  at  Copenhagen,  were  presented  to  the  Royal  Academy  of 
Sciences  at  Copenhagen,  which  contaioed  ideas  upon  the  power  of  steam  and 
hot-air  engines  very  similar  to  those  of  Mayer,  as  well  as  an  experimental 
determination  of  the  mechanical  equivalent  of  heat  by  friction,  which  does 

*  tiltades  mir  l*lnAaonoe  des  chemiitf  de  fer,  p.  100.    Pari?,  1619. 
tSeeNoteSS.  $SceNote84. 
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not  seem  to  have  been  very  exact.  This  is  sufficient  ground  for  including  his 
name  among  those  of  the  founders  of  the  new  theory.  But  it  is  readily  cod- 
oeiyed  that  the  contributions  of  this  physicist,  written  in  a  language  but  little 
known,  and  first  printed  several  years  after  their  receipt,  had  but  little  influeuce 
upon  the  development  of  the  science. 

The  third  discoverer  of  whom  I  have  to  speak,  Joule,  is  perhaps  the  one 
who  has  contributed  the  most  toward  the  proof  of  the  new  principles  and  their 
final  reception.  His  first  work  appeared  in  1848,  and  is  undoubtedly  later  than 
the  first  works  of  Mayer  and  Golding.  It  contains  experiments  upon  the  heat 
generated  by  induced  currents,  and  appears  to  have  excited  at  first  but  little 
notice.  His  experiments  in  1845  upon  the  heat  eiSects  of  expansion  and  con- 
traction of  gases,  were  the  first  to  give  him  the  fame  of  introducing  new  ideas 
into  science.  His  experiments  upon  friction  gave  the  first  reliable  determina- 
tion of  the  mechanical  equivalent  of  heat.  His  views  upon  gases  gave  the 
first,  and,  until  now,  only  complete  explanation  of  a  phenomenon  whose  laws 
oould  be  laid  down  by  theory  without  disclosing  its  mechanism. 

Immediately  after  these  three  names  we  must  place  that  of  Helmholti,  who, 
in  1847,  in  his  article, ''  The  Conservation  of  Force,"  first  united  the  new  ideas 
into  a  complete  structure,  and  drew  from  them  fruitful  and  important  applica- 
tions to  induction  phenomena,  electro-chemistry,  thermo-electric  currents,  etc. 

The  development  proper  of  the  mechanical  theory  of  heat  as  a  science,  the 
clear  and  methodical  presentation  of  methods  of  investigation  and  discussion, 
and,  finally,  their  application  to  machines,  is  due  to  four  savans,  whose  names 
are  the  laat  that  I  shall  mention  ;  Clausius,  Macquom  Rankine,  William 
Thompeon,  and  Gustav  Zeuner.  Their  most  important  investigations  oxtend 
from  1848  to  the  present  day. 

Many  other  workers  might  be  mentioned.  I  have  already  had  occasion  to 
notice  several  in  the  course  of  these  lectures  ;  I  will  not  seek  to  extend  the  list, 
but  shall  content  myself  with  the  names  of  those  investigators  who  have  laid 
the  foundation  stones  of  the  edifice,  upon  whose  completion  so  many  have  for 
the  last  thirty  years  labored  with  such  signal  suooess. 
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NOTE  1.— (Page  5,) 

THE  PBQBLEM  OP  PEBPETUAL  MOTION'. 

Ik  accordance  with  usaal  cnstom,  I  have  shown  the  impossibility  of  per- 
petual motion  to  be  a  consequence  of  the  fnndamental  principles  of  mechanics, 
as  well  as  of  the  manner  in  which  the  forces  of  nature  act. 

We  may,  however,  also  recognize  in  this  an  independent  and  apparently  self- 
existent  principle,  which,  at  bottom,  expresses  notning  else  than  the  necessitj 
of  a  definite  relation  between  cause  and  effect. 

CSonsidered  thus,  the  principle  of  the  impossibility  of  perpetual  motion  may 
be  used  to  prove  that  all  natural  forces  must  act  in  the  Ibie  joining  any  two 
mutually  interacting  material  points,  and  that  these  mutual  actions  are  func- 
tions of  the  distances  apart. 

This  is  the  method  adopted  by  Helmholtz  in  his  famous  Treatise  "  Die 
Erhaltung  Kraft  **  (Berlin,  1847) — a  method  which  may  seem  to  many  the  best. 
Helmholtz  says : 

"  Let  us  consider,  first,  a  materia]  point  of  the  mass  m,  which  moves  under 
the  influence  of  the  forces  of  any  number  of  bodies  composing  a  fixed  system 
A,  then  we  can  determine  for  everv  moment  the  position  and  velocity  of  this 
I>oint.  Let  the  time  t  be  the  primitive  variable,  and,  dependent  upon  it,  let  the 
ordinates  of  m,  with  reference  to  a  co-ordinate  system  fixed  with  respect  to  the 

Sstem  A,  be  x,  y,  and  z,  the  tangential  velocity  be  q,  the  three  components  of 
e  same 

dx  dy  dz 

""^di'        "^di'       "=«' 

and  finally  the  comx>onents  of  the  acting  forces 

^         dz  ^        dy  „         d» 

X=«^.  T=m-^.         ^=«»5- 

Our  principle  requires  that  \mq*,  and  hence  ^,  shall  be  always  the  same 
when  m  has  the  same  position  with  respect  to  A,  and  therefore  not  only  a 
f auction  of  t,  but  also  a  function  of  the  co-ordinates  ^,  y,  z,  alone,  that  is, 

d(f)=  -^l^  dx^  -^ydy+  -^dz (1) 

ffince  q^  =  u*  +  v*  -h  w^ 

d{if)  =  Zudu  -\-  29d9  -\-  Zwdw, 

If  here,  instead  qf  «,  we  put  — ,  instead  of  da^ — ,  and  also  for  «  and  w 
similar  values,  we  have 

df(g»)  =  5tf«  +  ^dy  +  ^& (2) 

m  m  nh  ^ 

Since  equations  (1)  and  (2)  must  be  simultaneous  for  every  dx^  dy,  dz,  we 
have 

6x         m*  8y        m*  6z         m' 

If,  however,  ;'  is  a  function  of  x,  y,  z,  it  follows  that  X,  F,  Z,  that  is,  the 
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direction  aud  intensity  of  the  acting  force  must  be  also  only  functions  of  the 
position  of  m  with  respect  to  A, 

If  we  conceive  instead  of  the  system  A,  a  single  material  point  a,  it  follows 
from  the  above  that  the  direction  and  intensity  of  tbe  force  which  a  exerts 
npon  m  is  determined  only  by  the  relative  position  of  m  with  respect  to  a. 
Since  now  the  position  of  m  is  determined  by  the  distance  between  m  and  a, 
in  this  case  the  direction  and  intensity  of  the  force  fnnctions  must  be  this  dis- 
tance a.  If  we  conceive  the  co-ordinates  referred  to  any  system  whose  origin 
is  at  a,  we  must  have 

md{qyz^2Xdx-\-%Tdy  +  %ZdA=iQ (8) 

d(r»)  =  %xdx  +  ^dy  +  2edi  =  0 

_      xdx  ^  ydy 

z 

This  value,  in  (8)  gives 


lx-jz\dx+  (r^^z\dy  =  0. 


hence  X=-Z    and     T=^Z, 

z  z 

that  is,  the  resultants  must  be  directed  towards  the  origin. 

Hence  in  a  system  which  is  subject  generally  to  the  law  of  the  conservation 
of  living  force,  the  simple  forces  of  the  material  points  must  be  central  forces. 


NOTE  2.— (Page  14.) 

THE  OEIGIN  OP  THE  MOTIVE  POWER  IK  THE  STEAM  ENOIII^E  UPON 
THE  HYPOTHESIS  OF  THE  MATERIALITY  OF  HEAT. 

Sadi  Gamot,  assuming  the  materialitv  of  heat,  has  given  an  explanation  of 
the  phenomena  in  the  steam  engine,  which,  although  it  does  not  agree  with 
reality,  is  not  so  evidently  erroneous  as  the  hypotheses  which  have  been 
framed  in  order,  by  the  same  hypothesis,  to  account  for  the  heat  generated  by 
friction. 

According  to  him,  the  imponderable  fluid  whose  presence  in  bodies  gives 
rise  to  those  various  effects  which  are  called  "  heat,'*  has  an  inhereut  tendency 
to  pass  from  a  hot  body  to  a  colder  one,  just  as  heavy  bodies  tend  to  fall  from 
a  high  place  to  a  lower ;  or  rather,  there  is  a  similar  tendency  due  to  the  action 
of  the  heat  molecules  on  each  other  and  the  actions  npon  them  of  the  ponder- 
able molecules.  Thus,  the  forces  which  act  upon  the  heat  molecules,  furnish 
positive  work  whenever  there  is  a  transfei^  of  heat  from  a  hot  body  to  a  cold 
one,  which  cannot  indeed  be  a  priori  determined,  but  which  is,  however,  com- 
parable to  the  work  of  gravity  in  a  waterfall. 

This  is  the  true  motive  work  in  the  ensine.  The  heat  from  the  boiler  to 
the  condenser  experiences  a  kind  of  fall  (this  is  Carnot's  expression),  and  the 
work  furnished  by  the  engine  is  the  equivalent  of  this  mechanical  procesSi 
just  as  the  work  of  a  water- wheef  is  the  equivalent  of  the  fall  of  the  stream. 

These  views  have  in  them  nothing  at  variance  with  common  sense,  or  which 
contradicts  the  general  view  of  the  phenomena  ;  but  it  is  evident  that  the  as- 
sumption of  the  materiality  of  heat  involves  that  of  its  indestructibility,  and 
hence,  in  the  case  of  the  steam  engine,  gives  rise  to  the  following  dilemma, 
the  solution  of  which  must  be  demanded  from  experience— «ither  heat  is  some- 
thing material,  and  then  the  steam  must  transfer  as  muc^  heat  to  the  con- 
denser as  it  takes  from  the  boiler — or  heat  is  a  motion  of  some  kind,  and  then 
a  part  of  the  heat  during  the  action  of  the  engine  must  disappear,  and  thus 
give  rise  to  outer  work. 

We  have  seen  what  answer  experience  has  given. 
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NOTE  3.— (Page  14.) 

SOME    EXPEBIKEKTS    BY    HIBI^    WHICH    APPABEKTLT    CONTEADIOT 

THEOBY. 

The  investigations  of  Hirn  were  undertaken  in  conseqaence  of  a  prize  offered 
hj  the  Physical  Society  of  Beriin  for  a  numerical  determination  of  the  true 
Talue  of  the  mechanical  equivalent  of  heat.  In  the  report  of  Clausius  to  the 
society,  he  calls  attention  to  the  error  of  Hirn's  views  upon  the  steam  engine, 
and  gives  a  correct  explanation  of  the  experiments. 

Him  did  not  agree  with  the  views  of  Clausius,  and.  although  when  his 
treatise  was  pnhlished,  he  gave  the  report  of  the  learned  physicist  in  full,  he 
sought  to  defend  the  correctness  of  his  first  calculations,  and  endeavored  to 

i'ustify  them  hy  two  different  methods  of  experiment— viz.,  hy  measuring  the 
leat  used  hy  a  steam  engine  without  expansion,  and  hy  investigating  the  lieat 
phenomena  which  accompany  the  efflux  of  a  gas  under  high  pressure  into  a 
vacuum. 

It  may  not,  perhaps,  be  without  profit  to  show  what  the  value  of  these  new 
arguments  amounts  to. 

In  the  following,  we  give  the  words  in  which  Clausius  refers  to  the  incor- 
rectness of  Him's  views : 

"It  can  be  easily  shown  how  this  error  of  Him  arises.*  He  says,  in  justi- 
fication of  his  assumption,  *  when  steam  condenses  under  the  same  pressure  at 
which  it  was  generated,  it  g^ves  up  during  condensation  as  much  heat  as  must 
have  been  imparted  in  its  generation.'  This  principle  is  indeed  correct,  but  it 
has  no  application  to  the  steam  engine. 

"  When,  in  an  engine  working  without  expansion,  the  steam  has  entirely 
filled  the  cylinder  back  of  tbe  piston,  and  then  the  commanication  with  the 
condenser  is  opened,  only  at  first  does  the  steam  fiow  under  full  pressure  into 
the  condenser,  and  then  the  pressure  gradually  decreases  as  the  steam  still  in 
the  cylinder  expands.  By  this  expansion  the  steam  still  in  the  cylinder  is  con- 
siderably cooled,  and,  if  not  superheated  or  heated  from  without,  will  be  partly 
condensed,  even  while  still  in  the  cylinder.  In  order  to  comply  with  the  con- 
ditions implied  in  the  above  principle,  the  piston,  during  the  efflux,  should  re> 
turn  with  just  such  velocity  as  to  keep  the  steam  still  in  the  cylinder  always 
at  full  pressure.  But  then  the'  l)ack  pressure  would  have  to  be  as  great  as  the 
driving  pressure  was,  and  no  work  could  be  obtained.  If  the  author  had 
extended  his  experiments  to  engines  without  expansion,  he  would  undoubt- 
edly have  found  for  these  also  that  the  amount  of  heat  given  up  is  less  than 
that  received." 

These  last  words,  without  doubt,  led  Him  to  make  an  experimental  in- 
vestigation of  a  steam  engine  without  expansion. f 

He  does  not  appear,  however,  in  this  new  investigation  to  have  succeeded 
in  overcoming  all  its  difficulties,  as  he  himself  says,  "  the  physicist  may  meet 
in  experimental  science  with  insurmountable  obstacles.*' 

He  says,  indeed,  that  he  has  established  that,  in  an  engine  without  expan- 
sion, the  heat  exx>enditure  is  either  zero  or  can  be  neglected,  but  together  with 
the  experiments  which  give  this  strange  result,  he  gives  the  data  of  another 
from  which  even  still  stranger  conclusions  may  be  drawn. 

In  an* engine  in  which  expansion  occurred  only  through  the  fifth  part  of  the 
stroke,  not  only  was  work  performed,  but  also  heat  generated. 

That  the  new  methods  of  experiment  which  lead  to  such  conclusions  are 
to  be  preferred  to  those  used  by  Him  in  his  first  experiments,  is  more  than 
doubtful. 

•  Portschritte  der  Physlk,  18B5,  Bd.  xl..  p.  21. 

i  Becherches  sar  r^onlYalent  m^caniqac  de  la  chalenr,  par  Ga^itave  Adolpbe  Hirn,  Paris, 
18S8,  p.  179. 
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The  clear  and  decisive  criticism  of  Claaslus  holds^  in  fall  force. 

Him  opposes  to  Claasius  also  the  followiaff  experiment :  Into  a  reoeiyer  of 
black  lead,  surrounded  by  cold  water,  he  allowed  a  jet  of  steam  under  big^h 
pressure  to  enter,  the  temperature  of  which  was  measured  bj  a  thermometer 
Just  before  the  steam  reached  the  orifice. 

He  then  collected  the  water  condensed  in  a  given  time,  and  from  the  rise  of 
temperature  of  the  calorimeter,  applying  the  necessary  corrections,  found  the 
heat  given  up  during  condensation. 

In  this  way  a  greater  number  was  always  found  than  that  given  by  the  ex- 
pression 

p  [606.5  +  0.30K  +  0.4805  (T-  0  -  r], 

which  gives  the  heat  contained  in  the  steam  at  the  moment  at  which  it  arrives 
at  the  orifice — where  jp  is  the  weight  of  the  steam,  7*  its  actual  temperature,  t 
the  temperature  at  which,  under  the  actual  pressure,  it  would  be  saturated, 
and  r  the  temperature  of  the  condensed  water,  assuming,  according  to  Reg- 
nau1t*s  experiments,  that  0.4805  is  the  specific  heat  of  the  steam. 

Similar  experiments,  in  which  he  used  the  condenser  of  a  steam  engine  as  a 
calorimeter,  gave  the  same  result. 

Him  concluded  that  saturated  or  superheated  steam  which  condenses  in  a 
cooling  vessel  in  which  the  pressure  is  less  than  the  initial  pressure  of  the 
steam  generates  heat. 

The  fact  is  remarkable  and  interesting,  but  easily  to  be  i^ccounted  for. 

The  steam  which  leaves  the  orifice  of  efflux  has  a  very  ffreat  velocity,  the 
liquid  which  results  from  the  condensation  is  at  rest.  In  the  transformation 
from  the  gaseous  to  the  liquid  condition,  then,  a  large  amount  of  living  force 
disappears,  and  there  is,  therefore,  according  to  the  new  principles,  a  genera- 
tion of  heat. 

It  is,  indeed^  true  that  the  outer  work  performed  on  the  steam  during  its 
condensation  is  less  than  that  which  it  performed  during  its  generation,  and 
this  diminishes  the  heat  generated  during  condensation,  but  there  is  no  exact 
compensation.  If,  theremre,  the  steam  which  enters  the  calorimetric  appara- 
tus is  saturated  steam  of  five  atmospheres,  we  must  impart  to  each  unit  of 
weight  of  water  of  the  temperature  r,  in  order  to  generate  it,  651— r  heat  unite. 

A  part,  q\  of  this  heat  goes  to  increase  the  living  force  of  the  molecules.  A 
second  part,  q ',  corresponds  to  the  change  of  aggregation  or  disgregation  work. 
A  third  part,  q''\  is  the  equivalent  of  the  outer  work. 

The  last  part,  q"',  can  be  taken  equal  to  nearly  44  heat  units,  if  we  take  for 
the  absolute  density  of  saturated  steam  of  one  atmosphere  the  value  jirx,  theo- 
retically determined  by  Olausius,*  and  if  we  neglect  the  very  small  difference 
between  the  volume  of  water  at  r  degrees  and  at  zero. 

On  the  other  hand,  the  recent  labors  of  Minary  and  Resalf  enable  us  to  de- 
termine the  weight  of  steam  which  will  flow  in  five  minutes  from  a  boiler  under 
five  atmospheres'  pressure,  through  an  orifice  of  0.007  meter  diameter,  when 
this  orifice  is  at  the  end  of  a  pipe  of  0.15  meter  diameter.  This  steam  weight 
is  10.6  kilograms. 

Hence  we  can  easily  find,  with  the  preceding  value  for  the  density,  and 
taking  for  the  coefficient  of  contraction  0.44  (a  value  given  by  the  experimenter) 
that  the  velocity  of  efflux  is  about  600  meters  per  second,  and  hence  that  every 
kilogram  of  steam  which  issued  in  Hirn's  experiment  carried  with  it  a  living 
force  of  al>oat  180,000  meter-kilograms,  equivalent  to  about  400  heat  units. 
We  see,  therefore,  that  even  without  outer  work  there  is  more  than  compensa- 
tion, and  that  the  disappearance  of  Ihe  living  force  is  more  than  sufficient  to 
explain  the  phenomena  observed  by  Him.  Even  a  considerable  error  in  the 
coefficient  of  contraction  would  not  affect  the  conclusion. 

It  is  worth  remarking  that  the  living  force  which  the  steam  possesses  when 
it  leaves  the  orifice,  is  itself  a  transformation  of  the  heat  which  the  boiler  pos- 

*  The  theoretical  valaes  of  Claasias  (Abhandlangen,  Bd.  i.,  p.  72)  are  confirmed  by  the  ex- 
perlmenta  of  Fairtmim  and  Tate.  (Proc.  of  the  Royul  Soc.,  1800,  in  PbU.  Mag.,  4  aer.  vol  zzi., 
p.  280,  and  Comptes  Rendaa.  vol.  111.,  p.  706.) 

t  Annalea  dea  minea,  vol.  xvlll.,  p.  658. 
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sessed,  and  that  hence  the  steam,  at  the  moment  it  leaves  the  orifice,  can  no 
longer  be  In  the  same  condition  it  had  when  in  the  boiler  at  a  distance  from 
the  orifice. 


'  NOTE  4.— (Page  16.) 

UPOK  A  THEOBEH  BY  COBIOUS. 

The  following  theorem,  given  by  Coriolis  in  his  classic  work  upon  the  cal- 
culation of  the  delivery  of  engines,*' is,  in  a  certain  sense,  an  illustration  of  the 
general  law  which  we  have  sought  to  enunciate  : 

"The  ram  of  the  Ihin^  forces  of  a  system  of  molecules,  whatever  maybe  the  kind  of  motion, 
may  be  divided  Into  three  parte : 

"  1.  The  living  force  of  all  the  molecules  when  concentrated  at  the  center  of  gravity  of  the 
system. 

*'S.  The  snm  of  the  living  forces  of  those  molccnles,  when  we  assnme  that  they  constitute,  in 
the  same  relative  positions  in  which  they  occur,  a  body  of  invariable  form  to  which  is  imparted 
the  mean  motion  about  the  center  of  gravity. 

**3.  The  sum  of  the  living  forcett  of  the  molecules,  by  reason  of  the  relative  velocities  which 
they  possess  with  reference  lo  co-ordinate  plunes  which  paitake  of  the  mean  motion  of  rotation.'* 

In  the  equation  of  works  we  have  usually  to  take  account  only  of  the  two 
first  portions,  that  is,  the  living  forces  due  to  the  rectilinear  and  rotary  motion 
of  the  body.  The  third  portion  is  usually  submitted  to  calculation  only  when 
the  vibrations  are  sensible  or  apparent,  as  in  tbe  case  of  sound  vibrations. 

The  fundamental  idea  of  tbe  new  theory  is  to  seek  this  thiid  part  in  the 
heat 

It  is,  moreover,  evident  that  the  action  of  mechanical  forces  in  most  cases 
will  give  rise  to  all  three  kinds  of  living  forces,  and  that  we  have  just  as  little 
reason  to  neglect  the  changes  of  the  living  force  of  heat  as  of  the  outwardly 
visible  living  forces.  We  may  even  add  that  the  transformation  of  the  out- 
wardly visible  living  forces  into  tbe  living  force  of  heat  takes  place  incessantly 
in  nature  before  our  eyes,  and  that  it  is  chiefly  in  this  way  that  the  vibrations 
of  a  system  about  a  stable  position  of  equilibrium  are  extinguished* 


NOTE  6.-(Page  17.) 

THE  LAW  OF  EXPAXSIOK  OF  OASES. 

The  law  of  expansion  of  gases  was  held  by  all  physicists,  down  to  Magnos 
and  Regnault,  as  exact.    It  is  generally  known  as  the  law  of  Gay-Lussac. 

It  is,  in  my  opinion,  more  correct  to  call  it  the  law  of  Charles.  Tbe  essen- 
tial part  of  this  law,  viz.,  the  approximate  agreement  of  the  expansion  of 
different  gases,  and  hence  the  proportionality  of  all  these  expansions  to  the 
temperature,  as  determined  by  a  thermometer,  which  is  itself  formed  by  a  gas, 
wasjproved  by  Charles  in  the  simplest  manner. 

The  reservoir  of  a  kind  of  mercury  barometer  was  filled  with  gas.  The 
apparatus  was  exposed  successively  to  the  action  of  two  different  temperatures 
(the  ordinary  temperature  of  exterior  objects  and  that  of  boiling  water),  and 
the  rise  of  the  mercury  in  the  barometer  tube  observed.  Charles  found  that 
this  rise  for  air,  oxygen,  nitrogen,  hydrogen,  and  carbonic  acid  gas  was  the 
same,  and  no  more  was  needed  to  establish  the  fact  that  the  coefficient  of 
expansion  of  these  different  gases  is  nearly  tbe  same,  even  if,  in  this  manner,  , 
the  exact  value  of  the  common  coefficient  could  not  be  determined.! 


*  Coriolis,  Traitd  de  la  mdcaniqae  des  corps  solidce  et  dn  calcal  de  Teffet  des  machines,  2d 

ed.,  p>  92. 

t  The  experiments  of  Charles  ate  mentioned  by  Qay-Lussac  himself  in  his  article  npon  the 
ezpanaion  of  gases,  Ann.  de  Chim.,  vol.  xliii.,  p.  IS*. 
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Gay-Lussac  has  added  to  this  simply  a  determination  of  the  ooefficient  of 
expansion,  which  was  inexact  bj  aboat  talh. 

We  may  even  say  that  the  advance  of  science  was  in  some  degree  retarded, 
in  that  he  regarded  as  an  absolute  law  that  which  was  only  an  approximate 
expression. 

According  to  Charles,  the  compound  gases  do  not  cfxpand  as  much  as  those 
lust  named.  It  is  not  known  exactly  to  what  gases  Charles  thus  refers,  but  it 
is  probable  to  the  same  as  those  experimented  upon  by  Qay-Lussac.  viz . 
sulphurous  acid  and  hydrochloric  acid  gas,  for  which  he  gave  the  same  coeffi- 
cient as  for  air. 

We  know  now  that  the  coefficient  of  expansion  for  sulphurous  acid  is  ,^th 
greater  than  for  air.  In  this  important  point,  then.  Charles  was  more  accurate 
than  Gay-Lussac,  and  however  imperfect  his  method  of  experimenting  may  be 
considered,  it  Is  not  open  to  the  charge  of  not  being  able  to  distinguish  dif- 
ferences in  the  quantity  to  be  measured  of  iVth. 


NOTE  6.— (Page  18.) 

THE  DISOEEGAXION  WORK  IN  CBYSTALS  AND  SOME  LIQinDS. 

In  liquids  and  non  crystalline  solids  it  is  possible  that  for  a  simple  rise  of 
temperature  only,  when  there  is  no  change  of  volume,  there  is  no  disgregation 
work. 

It  is,  without  doubt,  essentially  different  for  crystalline  solids,  at  least  for 
those  belonging  to  the  tesseral  system  The  unequal  expansion  in  different 
directions,  caused  in  these  bodies  by  the  action  of  heat,  does  not  allow  the 
assumption  that,  when  the  expansion  is  prevented  by  a  sufficient  increase  of 
pressure,  there  is  no  change  in  the  arrangement  of  the  molecules. 

If,  for  example,  a  crystal  of  kalkspar  is  heated,  and  at  the  same  time  com- 
pressed in  such  manner  that  its  volume  remains  constant,  the  crystal  tends  to 
elongate  in  the  direction  of  its  principal  axis,  and  to  contract  in  a  direction 
perpendicular  to  this.  It  is  certain  that  even  if  there  is  no  change  of  volume 
there  is  a  change  of  shape,  and  hence  disgregation  work.  Even  if,  by  a  suit- 
able distribution  of  pressure  and  tension  upon  the  surface,  not  only  change  of 
volume  but  also  of  snape  is  prevented,  still  there  may  be  a  change  in  the  rela- 
tive direction  of  the  molecules,  if  not  in  the  relative  position  of  the  center  of 
gravity. 

This,  at  least,  .seems  extremely  probable  from  the  change  of  optical  proper- 
ties in  different  directions,  caused  by  the  action  of  heat  upon  the  crystal,  and 
which  does  not  seem  accounted  for  by  simple  inequality  of  expansions. 

It  is  to  be  expected  that,  even  in  a  liquid,  every  change  of  temperature 
must  be  accompanied  by  a  perceptible  disgregation  work,  even  when  the  volume 
does  not  change,  when  the  liquid  is  near  the  point  of  solidification,  and  when, 
therefore,  the  lawless  arrangement  of  molecules,  characteristic  of  the  liquid 
condition,  tends  toward  a  regular  arrangement,  if  not  of  the  entire  mass,  at 
least  of  its  different  parts. 

We  see,  thus,  how  careful  we  must  be  before  we  assume  that  the  disgrega- 
tion work,  under  ffiven  conditions,  is  zero.  The  invariability  of  the  mean 
distances  of  the  molecules  is  by  no  means  a  guaranty  of  this. 

Thus,  for  example,  water  copied  below  the  temperature  corresponding  to 
its  maximum  density,  has,  for  the  same  pressure,  the  same  volume  at  two 
different  temperatures  four  degrees  apart.  The  outer  work  between  these  two 
conditions  is  zero,  but  nothing  justifies  us  in  assuming  the  disgregation  work 
as  zero  alsa  We  can  scarcely  comprehend  the  anomaly  of  maximum  density 
otherwise  than  by  assuming  that  the  relative  direction  of  the  molecules  ap- 
proaches law  and  definite  an  angement  the  more  the  freezing-point  is  approached, 
and  that,  when  for  two  different  temperatures  the  volume  is  the  same,  but  the 
arrangement  of  molecules  different,  the  transition  from  the  one  temperature  to 
the  other  is  accompanied  by  perceptible  disgregation  work. 
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NOTE  7.— (Page  18.) 

AK  IKCOBBBCT  DETEBHINATIOK  OF  THE  KECHAKIOAL  EQUIVALENT 

OF  HEAT. 

To  seyeial  physicists,  among  them  Eupffer  and  Maason,  the  following  con- 
siderations have  appeared  f>ermi8sible,  and  the  values  thus  obtained  for  the 
mechanical  equivalent  do  not  appear  to  deviate  much  from  the  true  value. 

Let  P  be  a  tension,  which,  when  applied  uniformly  to  the  surface  of  the 
unit  of  volume  of  a  body,  will  cause  an  expansion,  ^.  equal  to  that  caused  by 
a  rise  of  temperature  of  1  decree. 

The  work  of  this  force  which  must  be  applied  in  order  to  cause  the  exten- 
sion required  is  P^. 

On  the  other  hand,  we  must  impart  to  the  body,  in  order  to  make  it  expand 
through  the  same  distance,  a  quantity  of  heat  equal  to  the  prodnct  of  the 
specific  heat  for  constant  pressure,  C;>,  into  the  weight  of  the  unit  of  volume, 
that  is,  the  density  D. 

If  the  work  PJ  were  the  mechanical  equivalent  of  this  amount  of  heat, 
we  should  have  the  relation 

P  J  =  Jc,J>, 

which,  according  to  Kupffer,  is  confirmed  by  experiment.* 

But  little  attention  is  required  to  comprehend  in  what  respect  this  method 
of  treatment  is  defective.  The  heat,  CpDy  consists  of  three  parts  :  1,  The 
increase  in  the  sum  of  the  living  forces :  2,  the  mechanical  equivalent  of  the 
disgregation  work  ;  8,  the  equivalent  of  the  outer  work. 

This  third  part  would  be  zero  if  the  expansion  took  place  in  a  vacuum. 
Under  ordinary  conditions  it  takes  place  under  atmospheric  pressure,  and  hence 
this  third  part  can  be  neglected  as  very  small  compared  to  tne  second. 

It  is  essentially  different  with  the  first  part.  Tnis  we  cannot  neglect  with- 
out implicitly  assuming  that  the  specific  heat  for  constant  volume  is  insig- 
nificant in  comparison  to  that  for  constant  pressure.  We  cannot,  therefore, 
regard  the  disgregation  work  as  the  mechanical  equivalent  of  the  entire  quan- 
tity CjJ),  It  is,  moreover,  very  doubtful  whether  the  expression  P^  is  the 
Eiise  value  of  the  disgregation  work,  for  P^  is  the  work  of  the  forces  which, 
their  mechanical  action,  cause  an  expansion  of  J,  under  the  assumption 
the  temperature  of  the  body  remains  constant.  If,  also,  there  is  nowhere  a 
development  of  perceptible  velocitv,  it  is  only  under  similar  circumstances  the 
equivalent  of  the  disgregation  wor^.  Nothing  justifies  us  in  putting  this  work 
equal  to  that  in  the  body,  when,  by  the  action  of  heat,  it  expands  under  change 
of  temperature.  These  two  worKs  are,  indeed,  of  the  same  character,  and 
change  in  the  same  way,  when  we  pass  from  one  body  to  another,  but  it  is  at 
least  doubtful  that  they  are  identical. 

All  that  we  can  say  generally,  is,  that  the  resistance  to  tension  is  a  certain 
indication  of  the  intensity  of  the  molecular  forces,  and  that  a  considerable 
part  of  the  heat  which  is  imparted  to  a  body  is  employed  in  overcoming  these 
forces.  *  The  specific  heat  and  the  resistance  to  tension,  or  the  coefficient  of 
elasticity  which  measures  it,  change  in  the  same  way,  for  bodies  of  the  same 
kind,  as  metals. 

The  same  rather  superficial  law  may  be  extended  also  to  the  latent  heat  of 
liquefaction,  and  thus  it  happens  that  Person  has  been  led  to  find  a  nnmerical 

♦  This  Is  about  the  way  In  which  Ma^son  gives  the  view  of  Knpffer  In  his  Treatise  "  Ueber 
die  Bezlehang  der  physikallschen  Elgenschaften  der  KOrper^'  (Ann.  de  Chim.  et  de  Phys., 
3  eerie,  vol.  Tiii.,  p.  2M),  It  is  prolMble  that  this  interpretation  of  tiie  idea  of  the  learned 
Director  of  the  Physical  Observatory  at  St.  Petersburg  is  correct,  but  we  cannot  answer  for  it,  as 
in  the  original  text,  instesd  of  the  sharp  and  clear  expression  **  worlc,'*  we  find  always  the 
words  "  mechanical  effect,'*  which  have  no  definite  signification  in  the  usual  vocabulary  of 
mathemstics.  (Bulletin  de  la  classe  des  sciences  physiques  et  roath^matlqaefl  de  TAcad^mie  de 
St  Peterabouiig,  vol.  z.,  and  Pogg.  Annalen,  vol.  lzxxvL,  p.  810.) 

5 


66  NOTES  AND  ADDITIONS 

relation  between  the  eoefl^ent  of  elasticity  and  the  liqaef action  heat  of  Tarioos 
metals,  which  may  be  regarded  as  approximaiolj  indicated  bj  experiment  it 
is,  however,  impoesible  to  dedooe  anj  soeh  lebucm  in  sHiet  aooordance  with 
theory. 

It  Ls  probable  that  the  fonnnla  of  Kupffer  has  about  the  same  Tslne  as  that 
of  Person,  and  that  it  is  the  approximate  expression  of  a  relation  which  theory 
is  incapable  of  deducing. 

We  have  indeed  not  proyed  that  this  formula  is  false,  but  simply  that  it 
cannot  be  deduced  from  any  d  priori  considerations.  If  we  consider  the  gen- 
eral fact  in  the  special  sense  that  the  coefficient  of  elasticity  and  the  specific 
heat  changed  together,  it  is  just  as  allowable,  and  about  as  yaluable,  to  seek 
this  relation  by  experiment,  as  to  find  any  other  relations  by  comparison  with 
other  cases. 

Certainly,  such  a  comparison  can  have  no  such  legitimate  value  as  Enpffer 
attributes  to  it.  In  order  to  give  the  weight  P  as  a  function  of  the  coefficient 
of  elasticity,  Kupffer  uses  an  old  formula  of  Poisson,  which.everyone  now  rec- 
ognizes as  inexact,  and  indeed,  most  probably,  not  similarly  inexact  for  all 
bodies.  Hence,  a  factor  which  Kupffer  regards  in  his  calculations  as  constant, 
varies  for  different  metals,  and  »nce  this  change  is  not  yet  known  for  the 
metals  Kupffer  has  considered,  it  is  not  possible  to  introduce  the  necessaiy 
corrections  and  subject  the  empirical  value  of  his  formula  to  rigid  test. 


NOTE  8.— (Page  20.) 

BODIES  WHICH  CONTBACT  WHEK  HEATED. 

It  is  almost  unnecessary  to  remark,  that  in  such  exceptional  cases  as  the 
melting  of  ice  and  change  of  volume  of  water  below  4^,  in  which  there  is  a 
diminution  of  volume  under  the  action  of  heat,  the  discussion  is  reversed. 
We  consider  a  period  during  which  the  body  expands  while  cooling,  and  hence 
performs  outer  work  L  wliUe  giving  up  heat  Q.  During  another  period,  let 
the  body,  by  the  application  of  outer  work  //',  and  while  receiving  heat  Q\  be 
brought  back  to  its  original  condition.  If  L'  is  less  than  2/,  we  obtain  an 
outer  work  L—L\  for  wliich  there  must  be  an  equivalent  absorption  of  heat ; 
(^  must  be  greater  than  Q,  and  we  have 

X-L  =/(«-©- 

The  case  of  bodies  which,  within  certain  limits  of  temperature,  contract 
under  the  action  of  heat,  is  well  suited  to  direct  attention  to  tbe  views  given 
in  the  preceding  note.  If  we  limit  the  comparison  of  the  outer  work  with  that 
heat  which,  in  the  one  and  the  same  transformation,  is  imparted  or  abstracted 
from  the  body  in  order  to  change  it  from  one  condition  to  another,  we  are  led 
to  the  peculiar  conclusion  chat  the  generation  of  heat,  as  well  as  its  disappear- 
ance, can  give  rise  to  work. 

Nothing  is  more  suited  to  make  apparent  how  necessary  it  is  to  take  into 
account  the  work  of  the  molecular  forces.  If,  by  some  local  disturbance,  by 
contact  witli  a  piece  of  ice,  or  even  by  a  particle  of  dust,  we  cause  a  mass  of 
water  at  zero  to  crystallize,  the  molecular  forces  thus  called  into  play  by  this 
accidental  disturbance  of  equilibrium  place  the  molecules  in  those  positions 
which  constitute  a  solid  hoaj,  and  the  positive  work  during  this  process  of 
change  has  for  its  equivalent  both  the  heat  generated  and  the  outer  work  per- 
formed by  expansion.  If,  inversely,  we  melt  the  ice,  the  heat  imparted  must 
be  the  equivalent  of  the  excess  of  the  disgregation  work  over  the  outer.  In 
ordinary  cases,  on  the  other  hand,  the  heat  imparted  during  melting  and  with- 
drawn during  solidification  is  the  equivalent  of  the  sum,  and  not  of  the  differ- 
ence of  the  disgregation  work  and  outer  work. 

If  a  strip  of  vulcanized  rubber  is  elongated,  by  tension,  we  have  a  rise  of 
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tempentare,  while  the  tempeTatwe  of  a  metal  wire,  under  the  same  circum- 
stances, is  lowered.  This  is  dae  to  the  fact  that  heat  expands  the  metal,  hat 
contracts  the  mbher.    This  is  a  point  which  Joule  has  completely  cleared  up.* 


NOTE  9.— (Page  20.) 

UPOH  CALORMETBIC  KEA8UREMENT8  IN  WHICH  NO  ACCOmSTT  HAS 

BEEN  TAKEN  OF  THE  OUTER  WORK. 

The  necessity  of  taking  acconnt,  in  all  phenomena  depending  npon  the 
action  of  heat,  of  the  enter  work,  would  seem  to  justify  the  fear  that  a  large 
]>art  of  our  calorimetric  measurements  are  liable  to  be  affected  by  a  fundamen- 
tal error,  as  they  were  made  at  a  time  when  the  principle  of  the  mechanical 
theory  of  heat  was  scarcely  suspected.  A  little  consideration,  however,  will 
serve  to  show  that  such  fear  is  groundless.  Strictly  speaking,  we  must  un- 
doubtedly admit  that  specific  heat  and  latent  heat  depend  always  upon  the 
outer  pressure  under  which  bodies  expand  or  change  their  aggregate  condition. 
But.  under  ordinarv  circumstances,  the  outer  work  is  so  small  for  solids  and 
liquids,  that  such  dependence  gives  rise  to  a  correction  so  slight  that  it  is  im- 
perceptible even  to  the  most  sensitive  methods  of  measurement. 

For  gases,  the  influence  of  such  correction  is  so  great  that  account  has 
always  been  taken  of  it,  and  it  has  always  been  held  as  indispensable  to  give, 
for  example,  the  pressure  of  a  gas  under  which  tbe  specific  heat  has  been  de- 
termined.    Only  m  the  case  of  vapors  have  errors  been  committed. 

Every  investigation  upon  the  latent  heat  of  vaporization,  in  which  an  outer 
work  is  not  performed  upon  the  steam  when  condensing  equal  to  that  per- 
formed by  it  during  its  formation,  is  essentially  erroneous,  and  can  give  no 
reliable  result. 

Renault  has,  therefore,  very  properly,  in  his  experiments  upon  the  latent 
heat  or  vaporization  of  water,  maintained  in  all  parts  of  his  apparatus  a  uni- 
form pressure.  The  new  theory  by  no  means  invalidates  the  value  of  the 
results  obtained  by  this  distinguished  physicist,  but  it  rather  adds  to  their 
weiffht,  and  uses  them  to  attain  new  results.  It  does,  however,  deprive  numer- 
ous investigations,  in  which  this  precaution  is  neglected,  of  all  daim  to  relia- 
hUity. 

NOTE  10.— (Page  21.) 

THEORY  OF  THE  CONSTITUTION  OF  OASES. 

If  we  suppose,  in  a  confined  space,  a  large  number  of  molecules  separated 
by  such  intervals  that  their  mutual  actions  may  be  neglected,  and  assume  that 
these  molecules  are  at  rest,  it  is  evident  that  they  can  exert  no  influence  on 
each  other,  and  that  a  portion  of  these  molecules  can  undergo  any  change  of 
state,  without  affecting  in  the  least  the  condition  of  the  others.  Upon  TOdies 
which  confine  the  system,  there  can  be  no  such  action  as  pressure.  Individual 
molecules  may  indeed  be  so  near  the  l>ounding  body  as  to  act  upon  it ;  but,  by 

*  Joule,  Phil.  Mag.,  vol.  xvi..  p.  227.  1857;  Ann.  de  Ch!m.  et  de  Phyit.,  vol.  Hi.,  p.  236: 
Thomeon,  Phil.  Mag..  ISST.vol.  viil.,  p.  604.  See  also  Tvndall,  Heat  as  a  Mode  of  Motion,  2a 
Sd.,  p.  115;  also  Viliaii,  rogg' Ann.,  vol.  cxliv.,  p.  274;  Schmulewitscb,  Vferteljahresschrift 
der  natarfoncb.  Gesellscba^in  ZQrich,  Jabrgang  xi.,  Heft  8,  and  Pogg.  Ann.,  vol.  cxliv., 
p.  280. 

This  property  was  first  discovered  by  Gongh.  with  non-vnlcanized  robber,  in  1806.  Nlcbolson^s 
Jonm.,  vol.  xiii.,  p.  806;  Geblen^s  Joum.,  vol.  ix.,  p.  217. 

-Later  Reasch  obeerved  similar  phenomena  with  gntta-percba.  .  Pogg.  Ann.,  vol.  cxliv., 
P.S15. 

Oovi  ascribeB  th<i^  beating  under  tension  to  numberless  gas  bubbles. 
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reason  of  the  amamption  of  tlie  mean  distance  of  the  moleenles  apftrft,  tlie 
number  will  be  very  small  in  comparison  to  the  number  of  molecules  which 
must  act  together  in  order  to  cause  the  pressure  of  a  liquid  upon  a  solid  or 
upon  another  liquid. 

Certainly,  nothing  can  resemble  less  a  gas  than  this  incoherent  collection, 
which  can  hardlj  be  called  even  a  system.  We  have,  nevertheless,  seen  in  the 
text  that  it  is  not  easy  to  do  without  the  assumption  that  in  gases  the  distances 
apart  of  the  molecules  is  incomparably  grefiter  than  for  any  other  bodies.  If, 
however,  we  ascribe  motion  to  these  molecules,  the  state  of  things  is  changed, 
and  the  known  properties  of  a  perfect  gas  are  necessary  consequences  of  such 
an  assumption. 

In  consequence  of  their  motion,  the  molecules  will  impinge  upon  each  other 
and  upon  the  bounding  surface.  In  a  short  time  there  will  be  a  mean  condi- 
tion, tne  chief  properties  of  which  can  be  easily  recognized.  By  reason  of  the 
size  of  the  inter-molecular  spaces,  almost  all  the  molecules  must  move  at  any 
moment,  as  if  influenced  by  no  deviatini?  forces  ;  that  is,  in  straight  lines,  and 
with  a  uniform  velocity  common  to  all  the  molecules  in  the  final  condition,  but 
different  for  different  molecules.  Those  which  accidentally  approach  each 
other  at  any  moment  act  upon  each  other,  and  mutually  influence  each  other's 
paths  and  velocities.  But  these  changes  last  but  a  short  time,  after  which  the 
molecales  recede  and  return  to  the  general  conditions  of  the  system.  Individ- 
ual molecules  may  also  impinge  centrally  or  obliquely ;  but,  since  both  the 
masses  and  velocities  of  individual  molecules  are  by  hypothesis  equal,  the  di- 
rection of  the  velocities  may  be  altered  by  impact,  but  not  their  aihounts.  We 
see,  therefore,  that,  in  order  to  flnd  the  action  which  the  system  exerts  upon 
the  confining  boundaries,  we  can  assume  as  the  actual  condition  one  in  which 
all  the  molecules  move  incessantly  in  straight  lines  in  all  conceivable  directions 
without  striking. 

If  the  boundaries  are  perfectly  elastic,  every  impinging  molecule  will  be 
thrown  back,  the  direction  of  its  motion  changed,  but  its  velocity  unchanged, 
so  that  the  total  condition  of  the  system  remains  invariable.  Let  us  assume 
this  condition  as  fulfilled,  and  seek  what  force  must  be  exerted  upon  a  bound- 
ary of  given  surface ;  what  pressure,  for  example,  must  be  applied,  in  order 
to  keep  it  immovable.  This  force  must  be  capable  of  reversing  the  normal 
component  of  the  velocity  of  every  molecule  impinging  in  a  given  time,  or, 
what  amounts  to  the  same  thing,  of  imparting  a  normal  velocity,  in  the  opposite 
direction,  of  double  the  intensity  of  the  component. 

This  must  evidently  be  proportional  to  the  uniform  velocity  of  the  mole- 
cules and  their  masses.  It  must  also  be  proportional  to  the  number  of  molecules 
impinging  in  a  given  time,  that  is,  to  the  number  of  molecules  in  a  unit  of 
volume,  and,  further,  proportional  a  second  time  to  the  velocity  ;  for  the  time 
which  any  molecule  requires  to  traverse  the  space  between  two  boundaries  is 
inversely  proportional  to  the  velocity,  and  hence  the  number  of  impacts  which 
any  molecule  makes  in  a  given  time  is  proportional  to  the  velocity. 

The  pressure,  therefore,  which  must  be  exerted  is  proportional  to  the  mass 
and  number  of  molecules  in  the  unit  of  volume,  and  to  the  square  of  the  ve- 
locitv. 

The  proportionality  between  pressure  and  number  of  moleculeis  is  nothing 
more  than  the  proportionality  between  pressure  and  density  expressed  by 
Mariotte's  law. 

The  proportionality  to  the  mass  and  square  of  the  velocity  is  also  easily 
interpreted. 

If  we  accept  the  usual  views  as  to  the  nature  of  heat,  we  can  regard  the  veloc- 
ity of  the  molecules  as  an  indication  of  the  temperature  of  the  gas,  which  changes 
in  the  same  degree  as  the  temperature  itself.  We  have  thus  a  theoretical  de- 
finition of  equality  of  temperature.  We  say  that  two  gases  possess  the  same 
temperatures  if,  when  united  under  the  same  pressure,  they  do  not  affect  each 
other's  condition.  If  we  assume  that,  for  two  different  gases  under  the  same 
conditions,  there  are  in  equal  volumes  an  equal  number  of  molecules,  then  the 
temperatures  are  alike  when  the  product  of  the  mass  of  a  molecule  by  the 
square  of  the  velocity  is  the  same  in  both. 
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The  equality  of  the  living  force  of  the  molecules  includes,  therefore,  the 
equality  of  temperature. 

In  other  words  we  may  say,  that  the  living  force  of  the  molecnles  is  a  func- 
tion of  the  temperature,  which  is  the  same  for  all  gases.  The  proportionality 
of  the  pressure  with  the  living  force  indicates,  therefore,  that  In  all  gases  the 
relation  between  pressure  and  temperature  is  the  same.  From  -this  identity, 
together  with  Maiiotte^s  law,  we  easily  deduce  the  agreement  in  coefficient  of 
expansion.  If,  as  is  customary,  we  measure  the  temperature  by  the  air-ther- 
mometer, we  know  that,  if  the  temperature  indicated  is  <,  and  the  coefficient  of 
expansion  is  a,  the  pressure  for  constant  volume  is  proportional  to  the  expres- 
sion 

-  +  *       or       278  +  f. 
a 

The  living  force  of  the  molecules  is,  therefore,  proportional  to  the  tem- 
perature measured  by  a  thermometer  for  which  the  zero  point  is  at  —  278°  C. 
At  this  temperature  of  —  278^  the  living  force  of  the  molecules  is  zero,  or  we 
may  say  that  at  this  temperature  the  gas  contains  no  more  heat — the  absolute 
zero  of  temperature  is  then  reached,  and  the  gas  ceases  to  be  a  gas,  and  becomes 
that  incoherent  mass  of  atoms,  independent  and  immovable,  which  we  have  just 
spoken  of. 

If,  finally,  we  assume,  with  all  chemists,  that,  under  the  same  pressure,  all 
simple  gases  contain  in  equal  volumes  the  same  number  of  molecules,  the 
changes  of  temperature  are  proportional  to  the  changes  in  the  living  force  of 
each  molecule.  We  see  then,  that  in  order  to  heat  equal  volumes  of  different 
gases  the  same  number  of  degrees,  the  same  amount  of  heat  is  necessary.  This 
conclusion  is  direct  when  rise  of  temperature  occurs  without  change  of  volume  ; 
it  follows,  also,  when  there  is  a  change  of  volume,  when  we  consider  the  for- 
mulae on  page  23. 

Thus,  the  characteristic  properties  of  perfect  gases  find  a  simple  and  natural 
explanation.  The  idea  of  a  "  perfect  gas  **  is  itself  sharply  defined,  and  it  is 
easy  to  conceive  of  imperfect  gases,  which  do  not  strictly  follow  Mariotte's  law, 
whose  coefficient  of  expansion  varies  with  the  pressure,  and  which,  for  equal 
volumes,  do  not  possess  the  same  heat  capacity,  such  as  air  and  oxygen.  In 
the  system  of  individual  molecules  moving  rapidly  in  all  directions,  which  we 
have  considered,  we  have  assumed  that  at  any  given  moment  the  uumber  of 
molecules,  whose  motion  is  not  rectilinear  and  uniform,  is  inconsiderable  in 
comparison  with  those  whose  motion  satisfies  these  two  conditions ;  or,  what 
amounts  to  the  same  thing,  that  for  each  molecule  the  duration  of  the  period 
of  disturbance  is  vanishingly  small  compared  to  the  period  in  which  the  motion 
is  uniform.  If,  now,  the  ratio  of  these  two  periods,  while  indeed  still  very 
small,  is  not  vanishingly  so,  the  preceding  considerations  do  not  hold  strictly; 
and  our  conclusions  no  longer  represent  with  precision  the  properties  of  the 
system,  but  are  more  or  less  approximate  expressions  of  these  properties.  It 
is  also  evident  that  the  more  we  diminish  the  distances  apart  of  the  molecules, 
that  is,  the  more  we  condense  the  gas,  the  less  reason  we  have  to  presume  per- 
fectly uniform  motions,  and  the  more,  therefore,  is  the  deviation  from  the  con- 
dition of  a  perfect  gas.  This  perfect  condition  is,  in  fact,  an  ideal  state  toward 
which  gases  approach  as  their  state  of  rarefaction  increases,  but  which  they 
can  never  exactly  attain.* 

*  The  theory  given  in  this  note  Is  by  no  means  new.  It  was  indicated  by  Daniel  Bernoulli  in 
his  Hydrodynamics,  m  1738. 

After  being  forgotten  by  the  world  it  was  revived  again,  abont  18S2,  by  Herapath.  Only  in 
recent  times  his  it  received  Its  present  shnpe  by  Joule,  KrOnig.  and  Clausius.  Clansins  has 
tieat«l  it  in  the  most  general  manner,  and  added  to  its  completeness*  by  taking  into  account,  in 
addition  to  the  rectilinenr  motion  of  the  molecules,  their  inner  motions,  motions  of  rotation,  and 
the  probable  motions  of  imponderable  fluids.  In  a  presentation  designed  to  be  elementary  in 
character,  no  account  can  be  talcen  of  such  a  treatment. 

It  may  suffice  to  refer  for  further  information  to  the  original  treatises  of  Joule.  KrOnIg,  and 
Clansins.  Joule.  Phil.  Mag.  4  8er.,  vol.  xiv.,  p.  211 ;  KrOtiie,  Fogg.  Ann.  vol.  zdx.,  p.  815  ; 
Claasius,  Fogg.  Ann.  vol,  c,  p.  853 ;  and  Abhandlungen,  vol.  li.,  p.  229. 
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NOTE  11.— (Page  23.) 

HOW  GASES  AND  VAPORS  PEEFOBM  OUTBB  WOBE. 

The  theoi^  given  in  Note  10  does  not  dedace  the  pressure  of  gases  from 
the  direct  action  of  a  repulsive  force,  but  refers  it  to  incessant  impacts.  It  is 
thus  possible  to  conceive  how  a  change  of  volume  can  be  accompanied  by  no 
inner  work,  although  all  gases  seem  to  possess  the  tendency  to  expand  and 
to  resist  compression.  When  the  volume  of  a  gas  changes,  the  number  of  mole- 
cules in  a  given  space  changes  also,  and  when  a  change  of  temperature  occars, 
the  velocity  of  tue  molecules  changes.  But  so  long  as  the  mean  interval 
between  the  molecules  does  not  exceed  certain  limits,  their  mutual  actions  are 
imperceptible,  as  well  after  as  before  the  change  of  volume,  and  hence  require 
no  work.  The  mechanism  of  the  relation  which  exists  between  outer  work 
and  heat  absorbed  or  generated,  is  not  hard  to  conceive.  When  we  compress 
a  gas,  we  apply  a  force  to  a  movable  piston  which  is  greater  than  that  neces- 
sary to  reverse  all  the  normal  components  of  all  the  molecules  which  in  a  given 
time  impinge  upon  the  piston. 

The  velocity  of  all  the  molecules  is  thus  directlv  or  indirectly  increased, 
•and  the  work  of  the  outer  pressure  is  equivalent  to  the  increase  in  the  sum  of 
the  living  forces  of  the  molecules,  that  is,  to  the  heat  fi^enerated. 

The  reverse  is  the  case  for  expansion.  The  molecules  impart  to  the  piston, 
upon  which  there  is  no  sufficient  force,  according  to  the  laws  of  impact,  a 
portion  of  their  living  force,  and  this  impartation  of  living  force  is,  from  our 
standpoint,  an  absorption  of  heat  or  a  production  of  work. 

Similar  considerations  apply  to  vapors  and  their  work  in  the  engines  they 
operate.  There  is  thus  an  imparting  of  living  force  when  the  piston  is  raised, 
and  a  reappearance  of  living  force  when  it  sinks.  If  work  is  performed  by 
the  engine,  it  is  sufficient  that  there  is  no  equality  in  the  two  cases.  The 
living  force  which  fails  to  reappear  is  the  equivalent  of  the  work  done.  Thus 
disappears  the  apparent  contiaoiction  in  the  fact  that  a  system  may  produce 
wo^k,  while  the  inner  works  are  zero. 


NOTE  12.— (Page  24.) 

THE     VALITB     OP    THE     MECHANICAL    EQUITALENT    OP    HEAT     AS 

GIVEN    BY    CABBONIO   ACID. 

In  determining  the  mechanical  equivalent  of  heat  from  the  properties  of 
carbonic  acid,  the  specific  h'ent  at  constant  pressure  was  taken  at  0.2163,  as 
given  by  Reffnault  in  April,  1853.  According  as  we  take  for  the  ratio  of  the 
two  specific  n eats,  1.2867  as  given  by  Masson,  or  1.8382,  given  by  Dulong,  we 
obtain  402  or  855.  But  the  number  0.2163  expresses  only  the  mean  specific 
heat  between  0  and  210'C.,  and  this  mean  specific  heat  is  not  the  exact  value 
for  a  given  temperature. 

From  the  experiments  of  Regnault  (given  in  Vol.  26  of  the  M^moires  de 
TAcademie  des  Sciences),  carbonic  acid  has  at  the  temperatures  0  and  100  the 
specific  heat  0.1870  and  0.2645.  If  we  insert  these  valaes  hi  the  formule  on 
page  28,  we  have  for  /the  values 

410  and  357,  or  465  and  406, 
according  as  we  take  for  -^  the  value  given  by  Masson  or  by  Dulong. 
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NOTE  13.— (Page  25.) 

PBUfCIFLE   OP  THE   METHOD  O?  MTVIBSTIGATIOK   OF  THOMSOK  AND 
JOULE  OP  THE  HEAT  PHEKOliENA  IN  OASES  IN  MOTION. 

The  method  of  investigation  used  by  William  Thomson  and  Joule  consists 
in  allowing  a  stream  of  gas  to  pass  through  a  ppi^Q<>  diaphragm,  from  which 
it  issues  with  considerably  reduced  pressure.  The  friction  absorbs  nearly  all 
the  Telocity  due  to  the  expansion.  A  sensitive  thermometer  gives  the  tem- 
perkture  of  the  gas  before  and  after  efflux. 

It  was  so  arranged  for  air,  carbonic  acid,  and  hydrogen,  that  simple  expan- 
sion, even  when  accompanied  by  no  outer  work,  caused  a  slight  change  of 
temperature,  nearly  proportional  to  the  pressure,  and  whici)  depended  on  the 
initial  temperature.  Thus  has  been  determined  the  relation  between  the  inner 
work  and  the  outer,  when  a  gas  expands « under  pressure.  If  we  assume  the 
expansion  as  very  small,  and  if  the  temperature  is  nearly  15",  the  ratio  of 
these  values  lor  air  is  t^t;  for  carbonic  add,  -ht  for  hydrogen,  completely  im- 
perceptible. 

The  formula  of  page  23,  which  gives  the  mechanical  eouivalent  of  heat 
from  the  work  performed  by  slight  expansion  and  the  heat  aosorbed,  is  there- 
fore applicable  without  error  to  hydrogen.  For  air  there  is  a  slight  error, 
which,  however,  is  less  than  the  error  which  may  arise  from  the  Inaccuracy  of 
the  value  for  the  specific  heat  for  constant  volume.  For  carbonic  acid,  finally, 
the  left  side  of  the  equation  must  be  increased  by  ^th.* 

It  is  certainly  too  early  to  seek  in  this  manner  to  obtain  a  satisfactory  agree- 
ment  in  the  values  of  the  mechanical  equivalent  of  heat  for  various  gases. 

The  density,  the  coefficient  of  expansion,  the  specific  heat  for  constant  volume, 
are  very  exactly  known  from  Begnault's  experiments,  for  air,  hydrogen,  and 
carbonic  acid.  But  there  still  remains  considerable  uncertainty  in  the  values 
attributed  to  the  specific  heats  for  constant  volume.  This  evades  direct  deter- 
mination, and  must  be  deduced  from  observations  upon  the  velocity  of  sound, 
or  from  heat  phenomena  which  are  caused  by  changes  of  volume ;  and,  in  the 
present  state  of  such  experiments,  we  can  scarcely  assume  that,  except  in  the 
case  of  air,  it  has  been  determined  with  accuracy.  It  follows,  moreover,  from 
the  formula  and  the  known  values  of  C?  and  CV,  that  every  error  which  is 
made  in  the  value  of  Cv,  in  the  case  of  air,  causes  a  double  error  in  the 
resulting  value  of  /,  and,  in  the  case  of  carbonic  acid,  a  threefold  error. f 

*  In  a  trcatido  especially  Intended  to  diminish  the  difference  between  the  values  of  the 
mechanical  equivalent  as  given  by  Ihu  formula,  Baiunnraitnur  haa  taken  the  ratio  of  the  inner 
to  the  outer  work,  according  to  Thomson  and  Joule,  etiuai  to  -^^  for  hydrogen,  -  j^-  for  air,  and 

^f  for  carbonic  acid. 

These  values  are  certainly  given  by  Thomson  and  Joule,  but  they  relate  to  the  case  in 
which  the  pressure  falls  from  4.*i  atmospheres  to  one  atmosphere.  It  is  a  great  error  lo  appiv 
them  as  corrections  to  a  formula  deduced  for  such  a  slight  change  of  pressure  as  that  which 
accompanies  a  change  of  volume  of  the  amount  of  the  coefDclent  of  expunslon.  (Sitziiugsbe- 
richte  der  K.  K.  Akademie  der  Wissenschaften,  Vienua,  voj.  xxxvtii.,  p.  344.) 

t  If  we  assume  the  density  of  the  air  about  ^oXi'^*  ^^  specific  heal  under  constant  pressure 

to  be  known,  Us  coefficient  of  expansion  at  about  j^i-,  and  the  ratio  of  the  specific  heats  at  about 

jl^,  we  find  in  (he  value  of  J  deduced  from  the  formula  an  error  of  -^-,  or  about  8  units. 

For  carbonic  acid  the  difference  in  the  value  of  Oj  given  by  the  experiments  of  Dnlong  and 
Maason,  is  so  great  that  no  dependence  can  be  placed  upon  calculation.  We  see,  therefore,  that 
It  M  not  yet  time  to  discuss  this  correction,  and  all  that  we  can  say  with  safety  is,  that  the  coin- 
cidence of  the  results  for  air  and  hydrogen  renders  it  certain  that  the  value  of  the  equivalent 
most  lie  between  4S0  and  430. 
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NOTE  14.— (Page  32.) 

UPON  THE  CONDENSATION  OF  STEAM  IN  EXPANDING. 

The  condensation  of  satarated  steam  during  expansion  was  shown  on  theo- 
retical groands  \xj  Rankine  and  Claasios  independently  in  1850.  Theory  gives 
a  necessary  relation  between  the  latent  heat  of  yaporisation  of  water,  its  spe- 
cific beat,  and  the  amount  of  heat  which  most  be  imparted  to  the  nnit  of  weight 
of  steam,  when  simultaneoosly  heated  and  compressed,  so  that  it  shall  remain 
satarated.  Since  all  the  quantities  which  enter  the  equation,  with  the  excep- 
tion of  the  third,  are  given  by  Regnaalt*s  experiments,  this  may  be  found,  and 
in  this  way  it  has  b^n  found  to  be  negative.  We  must,  therefore,  abstract 
heat  from  steam  which  is  compressed  and  heated,  in  order  to  keep  it  saturated ; 
and,  on  the  other  hand,  heat  must  be  imparted  to  steam  which  expands  and  cools, 
in  order  to  keep  it  from  condensing. 

When  the  expansion  occurs  without  addition  of  heat  from  without,  all  the 
steam  cannot  therefore  remain  in  the  pure  saturated  state,  and  in  order  that  a 
part  of  it  may  remain  saturated,  another  part  must  condense,  and  thus  furnish 
the  necessary  heat. 


NOTE  16.— (Page  34.) 

THE  BEGENERATOB  IN  HOT-AIB  ENGINES. 

It  may  appear  as  if  the  same  reasons  which  cause  the  heat  quantity  g'  to  be 
lost  to  the  engine,  also  contradicted  the  possibility  of  the  unlimited  usefulness 
of  the  quantity  Ceijtx  —  ^n)< 

In  fact,  we  can  scarcely  see  any  other  wav  of  reducing  the  temperature  from 
ti  to  ^Of  than  by  contact  with  a  cold  body,  which  receives  heat  as  the  gas  cools, 
but  which,  at  the  end,  has  the  same  temperature— (o—:as  the  gas.  Under  such 
circumstances,  indeed,  the  quantity  of  heat  Cp^t^  —  to)  would  be  contained  in  a 
body  of  the  temperature  to,  and  could  not  therefore  be  used  for  heating  a  new 
charge  of  ffas,  so  that  it  would  also  be  lost  as  well  as  the  heat  q'.  This  diffi- 
culty has  been  met  by  Stirling  in  a  very  ingenious  manner.  The  gas  is  cooled 
in  the  engine  from  i^  VQto,  by  passing  tnrough  a  porous  conducting  body,  such 
as  a  net-work  of  wires,  to  the  differeut  layers  of  which  it  imparts  its  heat  If 
this  body  is  at  first  at  the  temperature  f  o«  its  different  layers  will  be  raised  by 
contact  with  the  departing  gas  to  some  temperature  higher  than  to,  but  some- 
what less  than  tx ,  except  the  last  layer,  which,  if  the  body  has  sufficient  thick- 
ness, will  have  the  temperature  to*  When,  then,  a  second  charge  of  gas  of 
the  temperature  to  enters,  it  will  be  p^adually  heated  by  contact  with  the  suc- 
cessive layers,  and  will  enter  the  cylinder  with  a  higher  temperature  than  to, 
so  that  in  order  to  raise  this  charge  up  to  ^i  will  require  less  heat  than  the  first 
charge. 

After  this  charge  has  acted  in  the  engine,  and  passes  out,  it  finds  all  the 
layers,  with  the  exception  of  the  last,  at  a  higher  temperature  than  <o*  and  will 
raise  them  all  to  a  higher  temperature  than  the  first  did.  Thus,  a  third  charge 
will  enter  the  cylinder  hotter  than  the  second,  and  upon  issuing,  will  leave  the 
layers  still  hotter  than  the  second  did,  and  the  temperature  of  the  first  layer 
still  nearer  therefore  the  temperature  f ,  of  the  issuing  charge.  The  amount 
of  heat  which  must  be  imparted  by  the  fire  in  order  to  raise  each  successive 
cluLm  of  air  frpm  ^o  ^  ^"i*  ^^^^  decrease. 

Tneoretically,  the  engine  approaches  constantly  the  condition  in  the  text, 
in  which  the  heat  Ct  ifi  —  to)  is  constantly  given  up  by  the  air  to  the  regenera- 
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tor,  and  then  given  back  by  the  latter  to  tbe  fresb  charge,  thus  remaining 
always  in  the  engine. 

In  practice,  a  certain  fraction  of  this  heat  mnst  be  lost  and  made  good  by 
the  fire  at  every  stroke.  E^zperiment  shows  that  the  heat  of  this  fraction  may 
be  less  than  -/(rth. 

Tbe  porous  body  which  is  thus  used  is  called  the  "  regenerator."  It  has 
been  constructed  in  various  ways.  A  system  of  glass  tubes  has  been  used,  also 
metal  wires,  and  wire  net-work.  Glass  and  similar  substances  are  too  bad 
conductors,  and  answer  the  purpose  very  imperfectly.  Metal  wires  and  net- 
work are  better,  but  they  are  quickly  oxidized  by  the  action  of  the  hot  air. 

This  purely  practical  difficulty  is  one  of  the  chief  hindrances  to  the  extended 
application  of  the  hot-air  engine. 


NOTE  16.— (Page  35.) 

DETEBMn^ATIOK    OF  THE  EFFICIEKCY    OF  THE  EBICSSOK'S  EI^TGINE 
AISTD  THE  ENQIKE  WITHOUT  BEGEKERATOB. 


Let  us  take  as  an  example  an  Ericsson  hot-air  engine.  In  this  the  air  is 
first  heated  under  constant  pressure,  then  allowed  to  expand  and  cool,  then  still 
further  cooled  under  constant  pressure,  and  finally  by  compression  brought  back 
to  its  original  condition.  As  in  Stirlii^s  engine,  we  can  represent  these  succes- 
sive operations  graphically.  Let  0  Vq  be  the  volume  9o  of  the  unit  of  weight  of 
air,  of  the  temperature  to ;  and  pressure  pn.  Thus  Vq  Tq  is  the  pressure.  The 
air  is  first  heated  under  this  constant  pressure  po,  from  the  temperature  i^  to 
the  temperature  ti ,  which  re* 
quires  the  amount  of  heat 
CpUi  —  to)'  Let  Ovi  be  the 
volume  Vi  at  the  end  of  this 
operation. 

Now  the  air  expands  from 
tbe  volume  v^  to  Oe«  =  Vf, 
while  the  temperature  ti  re* 
mains  unchanged.  The  or- 
dinates  to  the  hyi>erbola 
I\  T^,  give  at  every  instant 
of  expansion  the  pressure  of 
the  air.  Let  the  final  press- 
ure be  p, .  Next,  the  air  is 
cooled  under  this  constant 
pressure  pt,  until  the  t^- 
perature  is  again  to-  Iria 
finally  compressed,  while  the 
temperature  remains  un- 
changed, tin  the  pressure  is 

again  p„.  The  hyperbola  To  To  gives  the  pressure  at  any  point  during  the 
compression.  The  area  Tn  T,  Ti  To  is  evidently  the  geometrical  representa- 
tion of  tbe  outer  work.  We  can  easily  find  this  by  prolonging  the  lines  T^  To 
to  intersections  B  and  8  with  the  axis  of  Y,  and  finding  the  difference  of  the 
hyperbolic  areas  B  8  T^  T^  and  B  8  Tq  To.    We  thus  find 
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Area      Tq  T^  T^  To  =  («i  -  «q)Po  log  nat 


Pt 


The  heat  utilized  is  therefore  equal  to  the  quotient  of  this  exnression  when 
divided  by  the  mechanical  equivalent  of  heat.    As  to  the  total  heat  imparted 
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and  the  heat  not  utilized  we  have,  when  we  denote  by  q  the  heat  imparted 
daring  the  second  operation,  and  by  q'  that  abstracted  daring  the  fourth, 

Cp  (*i  -  to)  +  (? 

We  can,  therefore,  just  as  in  Stirling's  engine,  by  means  of  a  regenerator,  keep 
the  heat  Cp{f^  —  to)  in  the  engine. 

Finally,  the  amounts  of  heat  q  <md  </  are  the  heat  equiyalents  of  the  work 
represented  by  the  hyperbolic  areas  ^iTx  T\  Vt  and  «o  ^o  Tq  v^.    These  are 

Pa  «i  log  nat  — ,  and  ^q  Vq  log  nat  —  . 

The  ratio  of  the  useful  work  to  the  total  is  hence 

«i  -  Vo 


or  again 


ait,  -to) 

1  +  atx 


Let  us  consider,  finally,  a  third  kind  of  engine,  which,  indeed,  is  not  prac- 
tically realised,  bat  which  is  theoretically  the  most  perfect,  since  it  does  not 
require  a  regenerator.     The  air  first  expands,  while  its  temperature  is  kept 
constantly  2\  by  the  addition  of  heat.    The  hyperbolic  arc  Tx  T^  gives  the  re- 
lation between  pressure  and 
volume  during   the    expan- 
sion. 

Let  the  initial  pressure  be 
Pi  and  the  final  pf .  We  now 
let  the  air  still  further  ex- 
pand, but  without  adding 
or  abstracting  heat,  so  that 
the  temperature  gradually 
sinks  to  tot  s^nd  the  press- 
ure varies  as  the  ordinates  to 
the  curve  Tx  2o,  which  must 
approach  the  axis  of  x  more 
rapidly  than  T^  Ty.  Let  p^ 
be  the  final  pressure,  and  tq 
the  corresponding  tempera- 
^  ture.  In  the  third  period 
the  air  is  compressed,  while, 
at  the  same  time,  heat  is  ab- 
stncted  in  such  a  manner 
that  the  temperature  is  kept  constant,  so  that  the  llyperbolic  arc  To  To  gives 
the  relation  between  pressure  and  volume.  This  compression  is  carried  up  to 
the  point  where  the  pressure  is  po-  Finally,  the  air  is  still  further  compressed, 
but  without  imparting  or  abstracting  heat,  until  the  pressure  is  again  Pi,  and 
the  temperature  ti. 

We  see  at  once  the  analogy  with  the  preceding  cases.    In  the  first  operation 
the  heat  imparted  is 

jPi^i  log  nat  ^, 

and  in  the  third,  that  abstracted  is 

1  1  *  Po 

jPo  «o  log  »«*  ~  • 


Fio.  6. 


Va   V, 
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Moieover,  when  a  is  the  coefficient  of  expansion,  we  have,  for  the  relation  be- 
tween preesure  and  temperature  in  the  second  and  fourth  periods,* 

Cp  ^  Co 


(\±OCtx\       Cf         __Pt 
1  +  octo)  "*  p,  ' 


and 


Cp  —  C9 


(1  +  atA     Cp      _  Pi 
1  +  ato)  "*  Po  ' 


Hence,                             ^=^,  or     ^  ==  ^  . 

P»          Po  P».        Pi 

We  have,  therefore,  for  the  ratio  of  the  heat  utilised  to  the  total  expenditure 
of  heat 

Pi  *i  —  Po  «o  ^.     oc{ti  —  *o) 

,     or     -5 r — , 

Pi  «i  1  +  a^i 


NOTE  17.— (Page  36.) 

HOT-AIB    ENGIKES    I2Sr    WHICH    THE    TEMPERATUBB    PALLS    TO   THE 

ABSOLUTE   ZERO    OF   TEMPERATURE. 

It  follows  from  the  general  formula  that  if  it  were  possible,  in  a  hot-air 
engine  which  satisfies  the  above  conditions,  to  reduce  the  temperature  down 
to  the  absolute  zero*  the  efficiency  would  be  unity.  It  is  not  difficult  to  see 
the  reason.  In  Stirling's  engine,  for  example,  if  the  third  operation — tIz.,  that 
in  whic^  the  gas  is  compressed  under  withdrawal  of  heat — takes  place  under 
the  temperature  of  absolute  zero,  the  gas  possesses  at  this  temperature  no 
pressure.  No  work,  therefore,  is  necessary  to  compress  it,  and  the  total  work 
performed  in  the  second  period  will  be  disposable.  In  Ericsson's  engine  the  gas, 
in  order  to  have,  at  a  temperature  indefinitely  near  the  absolute  zero,  a  notice- 
able pressure,  must  have  an  indefinitely  small  volume.  The  work  in  the  fourth 
operation  will  be  infinitely  small,  and  we  have  at  disposal  the  total  work  in  the 
second  period.  In  the  engine,  finally,  without  regenerator,  if  the  third  opera- 
tion, as  in  Stirling's  engine,  occurs  at  the  temperature  of  absolute  zero,  it  re- 
quires also  no  expenditure  of  mechanical  work. 

It  may  not  be  without  profit  to  consider  for  a  moment  how  it  can  be  possible 
that,  at  the  temperature  of  absolute  zero,  a  gas  can  be  compressed  without 
requiring  work  to  compress  it. 

Let  us  consider  a  system  of  molecules  which  are  in  absolute  rest,  and  so  far 
distant  from  each  other  that  their  mutual  actions  can  be  disregarded.  If,  now, 
this  system  is  compressed  by  means  of  a  piston,  the  piston  will  impart  a  cer- 
tain velocity  to  the  molecules  which  it  meets ;  but,  since  by  hypothesis  the  tem- 
perature is  kept  at  absolute  zero,  these  velocities  remain  infinitely  small.  We 
require  upon  the  piston,  therefore,  only  a  foroe  which  imparts  to  a  finite  nnm- 
ber  of  molecules  in  a  finite  time  an  infinitely  small  velocity,  that  is,  an  infinitely 
small  force. 

*  This  Ib  the  law  of  "  adlabatic ''  expansion  or  **  Poisson's  law."  See  Polsson,  Traits  de  M^ 
caniqne,  vol.  v.,  chap.  4 ;  Welsbach,  vol.  ii.,  art  870 ;  also,  page  168,  chap,  v.,  of  the  present 
Tolnme. 
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KOTE  18.— (Page  37.) 

THE  KECESSABY  TENDENCY  OF  HEAT  TO  PASS  FROM  A  WABKEB  TO 

A  COLDER  BODY. 

Id  a  system  composed  only  of  a  perfect  and  simple  gas,  the  tendency  of 
heat  to  pass  from  a  warmer  to  a  colder  body  is  a  necessary  consequence  of  the 
laws  of  impact  of  elastic  bodies.  We  have  seen.  In  a  preceding  note  (No.  10), 
that  in  such  bodies  the  temperature  is  proportional  to  the  living  force  of  the 
individual  molecules,  when  this  temperature  is  reclioned  from  the  absolute 
zero,  tliat  is,  from  —  273^  C.  It  is  at  once  evident,  that  when  different  perfect 
gases  unite,  those  molecules  which  possess  the  greatest  living  force  will  give 
up  by  impact  a  part  of  their  living  force  to  those  which  have  less  ;  or,  in  other 
words,  heat  is  always  and  of  necessity  imparted  by  the  molecules  of  the  wanner 
gas  to  those  of  the  colder. 

When,  therefore,  we  say  that  in  such  systems,  when  subjected  to  any  cycle 
of  changes  in  which  the  final  and  initial  conditions  are  the  same,  heat  can  in 
no  case  pass  from  a  cold  to  a  warmer  body,  we  simply  express  a  truth  as  clearly 
proven  as  the  impossibility  of  perpetual  motion. 

This  hardly  holds  for  other  cases.  But  we  may,  however,  presume  that 
the  general  laws  of  heat,  equilibrium,  and  motion,  are  nothing  more  than  pure 
mechanical  principles,  and  although  we  choose  a  gas  as  the  subject  of  com- 
parison, we  may  still  thus  form  some  idea  as  to  what  properly  constitutes 
equilibrium  and  difference  of  temperature  for  other  bodies.  If  a  solid  or  liquid 
body  is  of  equal  temperature  with  a  gas,  the  molecules  must  have  such  a  state 
of  motion  tnat,  so  long  as  the  center  of  gravity  of  the  body  is  not  changed,  the ' 
gas  molecules  which  come  in  contact  with  the  body  neicher  receive  nor  part 
with  living  force.  It  follows,  then,  that  if  two  solid  bodies  are  in  temperature 
equilibrium  with  the  same  gas,  their  temperature  will  not  alter,  i.  «.,  the 
motions  of  their  molecules  will  not  change,  when  they  are  brought  into  direct 
contact  with  each  other.  That  which  holds  for  this  case,  holds  good  also 
when  the  ether,  upon  which  all  radiation  phenomena  depend,  is  the  medium  of 
communication.  ^ 


NOTE  19.— (Page  40.) 

THE  INFLUENCE  OF  FRICTION  IN  THE  ELECTRO-THERMAL  INVESTI- 
GATIONS OF  FAYRE. 

It  is  not  necessary,  in  these  experiments,  to  take  account  of  the  influence  of 
friction,  but  we  compare  directly  the  observed  diminution  of  heat  with  the 
useful  work  of  the  engine.  The  friction  of  the  engine  undoubtedly  develops 
heat,  and  this  heat  acts  in  the  calorimeter  just  as  well  as  that  developed  by 
the  passage  of  the  current.  But  the  development  of  heat  by  friction  means  in 
reality  the  performance  of  work  and  generation  of  living  force,  and  this  double 
production  produces  an  equivalent  diminution  of  the  heat  developed  in  the 
circuit.  Thus  the  friction  increases,  on  the  one  hand,  the  heat  in  the  calori- 
meter,  and  on  the  other,  diminishes  it  by  a  precisely  e(|ual  amount.  We  need 
not,  therefore,  consider  it  at  all.  The  only  correction  is  due  to  the  friction  of 
the  rollers,  outside  of  the  calorimeter,  by  aid  of  which  a  weight  is  raised. 
Experiment  has  confirmed  the  strict  compensation  of  the  two  opposite  effects 
of  friction.  Whether  the  engine  is  at  rest,  or  whether  in  action,  without 
raising  the  weight,  we  have  always  in  the  calorimeter  the  same  amount  of 
heat. 
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NOTE  20,— (Page  42.) 

THE  DI8C0VEBY  OP  INDUCTION  PHENOMENA. 

The  experimeut  referred  to  is  given  in  the  Annales  de  Cliimie  et  de  Phy- 
sique,  2  Serie,  vol.  xxi.,p.  47.  An  annular  plate  of  copper  was  bung  by  a  silk 
thread  in  the  plane  of  a  circular  frame,  upon  which  was  wound  a  number  of 
turns  of  insulated  copper  wire.  A  powerful  iron  magnet  was  placed  with  one 
pole  in  the  circle  and  tne  other  without. 

As  soon  as  the  current  passed,  the  circle  was  attracted  or  repelled  by  the 
electro-magnet ;  but  the  duration  of  the  action,  as  in  all  similar  induction 
phenomena,  was  very  short.  This  fact,  probably,  prevented  Ampere  from 
reeling  confidence  in  his  experiment,  for  he  failed  to  draw  from  it  the  least 
conclusion,  and  nothing  further  is  said  of  it  till  Faraday  published  his  dis- 
covery. This  is  the  more  surprising  as  Ampere,  at  the  time  when,  in  associa- 
tion with  de  la  Rive,  he  undertook  this  experiment  (1822,  at  Genf ),  sought,  in  so 
many  words  at  least,  "  to  produce  an  electric  current  by  the  action  of  another 
current."    These  are  his  words  ten  years  later. 


NOTE  21.— (Page  42.) 

DEDUCTION  OP  THE  LAWS  OP  INDUCTION  PEOM  THEOEY. 

We  consider  a  battery  consisting  of  any  number  of  equal  or  unequal  ele- 
ments. According  to  the  laws  of  Faraday,  the  amounts  of  chemical  action 
which  are  developed  in  the  same  time  in  the  different  elements  are  mutually 
equivalent. 

If,  therefore,  L\  L'\  L"\  etc.,  are  the  works  of  the  chemical  forces  in  the 
different  elements  during  the  time  required  in  each  for  the  decomposition  of 
one  equivalent  of  metal,  the  total  amount  of  heat  developed  in  the  battery  and 
conductors,  assumed  at  rest,  is 

x'  +  r^+z^"  +  — 

2X 

T' 

On  the  other  hand,  Joule's  experiments  have  shown  that  the  amount  of 
heat  developed  in  a  unit  of  time  in  a  conductor,  is  proportional  to  the  resistance 
and  to  the  square  of  the  intensity  of  the  current.  Let  R  be  the  total  resistance 
of  the  conducting  wire  and  battery,  T  the  intensity  of  current,  then  the  heat 
developed  in  a  unit  of  time  in  the  battery  and  conductors  is  proportional  to 
T^B  or  to  rSA,  if  2 A  denotes  the  sum  of  the  electro-motive  forces,  and, 
according  to  Ohm's  law 

^"^   R  • 

If  6  is  the  time  necessary  to  decompose  one  equivalent  of  metal  in  each 
element,  the  amount  of  heat  which  we  nave  just  represented  by  2X  will  be 
proportional  XoJQ^A^  or,  simply,  XjoISA,  when  we  take  as  unit  that  intensity 
of  current  which  corresponds  to  the  decomposition  of  one  equivalent  of  metal 
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in  the  unit  of  time.  We  shall  therefore  have,  when  we  have  properly  chosen 
the  unit  of  electro-motiye  force, 

Let  OS  now  assume  that  the  circnit  as  a  whole,  or  that  portions  of  it,  under 
the  influence  of  outer  points  of  magnetic  attraction,  or  of  the  mutual  action  of 
the  various  elements,  moves.  Then  the  work  of  the  chemical  forces  is  equiv- 
alent to  the  heat  developed,  and  to  the  work  of  the  electro-magnetic  or  electro- 
dynamic  forces.  We  denote  hj  Udi  that  part  of  this  work  which  is  performed 
in  the  indefinitely  small  time  dt. 

Let,  further,  \  be  the  corresponding  intensity  of  the  current,  expressed  in 
the  assumed  unit.  Then  idt  is  the  fraction  of  one  equivalent  of  metal  de- 
composed in  each  element  In  the  time  dt  Finally,  let  (^  be  the  total  amount 
of  heat  developed.    Then,  according  to  what  has  been  said, 

A*  ^^     rut*  L  ^^ 

Combining  Ohm's  law  with  Joule's,  we  see  that  Qdt  is  always  proportional 
to  the  product  of  idt  by  the  sum  of  the  electro-motive  forces.  It  is  impossible 
that  this  sum  should  remain  ^A,  It  is  necessary  that  by  the  action  of  motion 
it  shall  become  less.  In  other  words,  to  the  living  forces  whose  sum  is  repre- 
sented by  2 At  we  have  an  opposing  force  F,  which  must  satisfy  the  oondilion 

ST"  TT 

We  shall  now  investigate  separately  the  two  cases  which  we  have  distin- 
guished. 

As  soon  as  the  circuit  (battery  included)  moves  as  a  whole,  and  without 
changing  its  shape,  under  the  influence  of  outor  force  centers,  the  elementary 
work  Uat  is  proportional  to  the  energy  C  of  these  force  centers,  to  the  intensity 
i  of  the  stream,  and  to  a  function,  g>,  which  depends  upon  the  relative  position 
of  the  circuit  and  these  force  centers  at  any  given  moment,  upon  the  kind  of 
motion,  and  upon  the  distance  vdt  passed  through  by  any  element  We  have, 
therefore, 

ot,  ll'=^f-' 

The  factor  «  is  the  velocity  at  a  given  moment.  We  see  therefore  that  the 
electro-motive  force  of  induction  is  proportional  to  the  velocity  of  displacement, 
and  to  the  expression  0<p,  which,  when  multiplied  by  vdt,  gives  the  elementary 
work  of  the  outer  forces  upon  a  circuit  traversed  by  a  current  whose  intensity 
is  unity. 

When  the  elements  of  the  circuit  change,  by  reason  of  their  mutual  action, 
we  can  represent  the  elementary  work  of  tneir  mutual  actions  by  Pi/fvdt,  where 
^  is  a  similar  function  to  ^.    Therefore, 

or,  F=: 


The  electro-motive  force  in  this  case  is  proportional  to  the  intensity  of  the 
stream  and  to  the  velocity  of  the  relative  motion. 

In  the  general  case  of  change  of  form,  and  total  or  partial  displacement  by 
the  influence  of  outer  forces,  the  electro-motive  force  of  induction  is  the  sum 
of  the  two  preceding  expressions. 
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NOTE  22.— (Page  42.) 

THE  COMPLETE  TBANSFOKMATION    OF    HEAT    INTO    WORK,   BY    THE 

ELECTRO-MAGNETIC  ENGINE, 

Let  us  coDsider  an  electro-magnetic  engine.  We  assnme  first  that  only  the 
immovable  pieces  are  traversed  by  the  current,  and  that  the  movable  pieces  are 
permanent  magnets.*  We  assume  such  an  engine,  which,  under  the  influence 
of  outer  resistance,  has  attained  its  condition  of  normal  activity,  so  that  in 
successive  periods  the  rotation  is  identical.  This  condition  does  not  include, 
strictly  speaking,  uniformity  of  motion  ;  but,  in  a  well-constructed  machine,  in 
which  the  intensity  of  the  mutual  action  of  the  magnets  and  wire  spirals  varies 
from  one  moment  of  the  rotation  to  another  but  little,  the  rotation  can  be  con- 
sidered as  essentially  uniform.  If  we  call  F  the  velocity  of  this  rotation,  the 
electro-motive  force  of  induction  isKV,  where  JS' is  a  constant  coeflScient  which 
depends  upon  the  strength  of  the  moving  magnets  and  the  arrangement  of  the 
machine^  Hence,  if  we  denote  by  A  the  sum  of  the  electro-motive  forces,  by 
B  the  resistance,  and  by  i  the  intensity,  we  have 

.      A-KV 

The  heat  corresponding  to  the  decomposition  of  one  equivalent  of  metal  in  each 
element  is,  therefore, 

A-KV. 

In  rest,  it  would  be  A,    The  heat  transformed  into  work  is  then  KV,    The 

ratio  —p-  of  these  two  quantities  increases  with  the  velocity,  and  approaches 

onity  as  the  electro-motive  force  A  —  KV  and  the  intensity  approaches  zero. 
If  the  movable  and  immovable  parts  are  traversed  by  the  same  current,  the 
electro-motive  force  of  induction  is  expressed  hy  h  Ft,  so  that 

A-hVi 


%  = = ,      or,      »  = 


B        '      ""      '"-B  +  AF" 
The  amount  of  heat  developed  per  unit  of  time  in  the  circait  is,  therefor, 

^      \«  ,.       B 


{bTW)^*       ^''       ^^^BThV' 


During  the  time  6,  which  is  required  for  the  decomposition  of  one  equivalent 
of  metal  in  each  element,  the  heat  developed  is 


B-^hV         '       *^B  +  hV' 

since  we  assume  (see  preceding  note)  that  iB  is  equal  to  unity.    In  a  state  of 
rest,  this  quantity  is  A.    The  heat  transformed  into  work  is  then 

.      hV 


^B  +  hV 
which  approaches  A  the  greater  F  becomes. 


•  Fromment  has  often  constructed  machinefi  of  this  kind.  The  theory  of  thoic  in  which  the 
immoYable  pieces  are  magnets  and  the  movable  ones  wire  colls,  does  not  differ  essentially  ftom 
the  present  presentation. 
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NOTE  23.— (Page  43.) 

BETEBMIKATION  OF   THE   MECHANICAL    EQIJIVALENT  OF    HEAT    BY 

ELECTBO-MAGITETS. — ( JOULE. ) 

Joule  caused,  by  means  of  a  weight,  a  movable  electro-magnet  to  tarn 
between  the  poles  of  an  immovable  electro-magnet  of  great  power.  He  deter^ 
mined  first  the  weight  which  was  necessary  in  order  to  give  to  the  apparatus 
a  constant  velocity  under  the  influence  of  friction,  the  current  of  both  electro- 
magnets bein^  open.  Then  the  conducting  wire  of  the  fixed  electro-mae^et 
was  connected  with  the  batt-ery,  and  that  of  the  movable  closed  with  a  short 
thick  wire,  and  the  weight  determined  which  had  to  be  added  to  maintain  the 
same  constant  velocity,  as  also  the  heat  developed  in  the  movable  current. 

This  last  part  of  the  experiment  appears  to  have  left  much  to  be  desired. 
The  movable  electro-magnet  was  placed  in  a  glass  vessel  filled  with  water,  and 
the  rise  of  temperature  of  this  compound  system  directly  observed,  in  order  to 
find  the  heat  generated.  Two  constant  sources  of  error  must  tend  to  cause 
this  determination  to  give  too  small  values.  First,  it  is  extremely  doubtful 
whether  there  is  simultaneously  a  common  temperature  in  the  water  and  the 
soft  iron  and  the  insulated  copper  wire  which  form  the  movable  system.  More- 
over, the  long  cvlindrical  shape  of  tbe  system  favors  the  cooling  by  radiation 
and  contact  with  the  air.  This  last  is  also  increased  by  the  rotary  motion. 
Whatever  care  is  taken  in  applying  corrections,  it  can  hardly  be  avoided 
estimating  too  low  the  heat  developed  by  the  given  expenditure  of  work,  and 
hence  obtaining  too  large  a  value  for  the  mechanical  equivalent.  It  is,  there- 
fore, not  surprising,  that  the  value  deduced  from  these  experiments  is  about 
iVth  greater  than  the  probable  value.  In  some  special  experiments,  the  differ- 
ence is  even  still  greater. 


NOTE  24.— (Page  45.) 

THE     NATUBB    OF  ELECTBO  -  MAGNETIC     AND     ELECTBO  -  DYNAMIC 

FOBCES. 

It  may  be  objected  that  we  have  made  use  in  our  lectures  of  the  principle 
of  the  impossibility  of  perpetual  motion  as  an  absolute  truth.  It  may  be  said 
that  we  apparently  forget  that  there  are  natural  forces,  such  as  electro-mag- 
netic  and  electro-dynamic,  which  do  not  depend  alone  upon  mass  and  distance  ; 
that  there  are  forces  with  whose  help  therefore  we  can  cause  in  certain  cases 
rotary  motion,  the  velocity  of  which  may  be  indefinitely  accelerated.  We  had 
the  intention  of  noticing  this  objection  in  the  second  lecture,  when  speaking  of 
the  electro-magnetic  engine ;  but  it  appeared  better,  on  consideration,  to  reserve 
it  for  a  note. 

Let  us  consider  first  the  electro-magnetic  forces.  Experiment  shows  that 
magnets  act  upon  currents,  and  inverselv.  All  the  effects  of  these  actions  can 
be  referred  to  a  system  of  forces  which  affect  the  different  elements  of  the 
current,  which  depend  not  only  upon  the  distances,  but  also  upon  certain  angles, 
and  which  do  not  act  in  the  straight  lines  connecting  the  current  elements  and 
•the  magnetic  centers. 

For  a  closed  circuit  of  invariable  form,  this  system  of  forces  can  be  replaced 
by  an  equivalent,  which  is  apparently  entirely  different  from  the  preceding, 
and  consists  of  forces  which  satisfy  the  ordinary  conditions  of  action  of  natural 
forces.  In  this  case,  the  difficulty  disappears  at  once  of  itself.  This  substitu- 
tion is  however  no  longer  possible  when  the  circuit  is  not  closed,  or  when,  in 
other  words,  the  closed  conductors  traversed  by  the  current  consist  of  severad 
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independent  portioDS.  The  motion  of  each  of  these  parts  depen^^  sole!  j  upon 
forces  which  act  upon  its  various  elements,  and  it  is  clear  that  this  motion,  under 
certain  circumstances,  is  one  of  rotation,  which,  without  the  influence  of  friction, 
resistance  of  the  air,  and  similar  resistances,  would  be  infinitely  accelerated. 

Ampere  has  repeatedly  declared  that  here  is  an  actual  exception  to  the 
^neral  laws  of  mechanics.  There  is  no  treatise  or  presentation  of  any  com- 
pleteness, upon  electro-magnetism,  in  which  this  is  not  illustrated.  There  is 
even  no  elementary  presentation  in  which  the  fact  of  indefinitely  accelerated 
rotation  is  not  in  various  ways  experimentally  shown.  But  error  is  committed, 
and  any  presentation  must  be  very  imperfect,  if  anything  real  is  seen  in  this 
apparent  exception.  We  will  consider  one  of  the  simplest  expeiiments  of  this 
character,  which  is  to  be  found  in  all  regular  courses  in  Physics.  A  small 
rectilinear  horizontal  current  turns  about  a  vertical  axis  through  one  of  its 
ends,  under  the  action  of  a  vertical  magnet,  situated  in  the  prolongation  of  the 
axis. 

It  requires  but  little  attention  to  recognize  that,  at  the  end  of  each  revolu- 
tion, the  velocity  is  somewhat  greater  than  at  first,  at  least  as  long  as,  under 
the  influence  of  the  resistances,  the  maximum  is  not  attained.  Perpetual 
motion  seems  therefore  attained,  since,  at  the  end  and  at  the  beginning^of  each 
revolution,  the  position  of  the  current  and  the  magnet  is  the  same,  ^ut  does 
this  coincidence  of  position  include  the  condition  that  nothing  is  changed  in 
the  total  system  of  mutually  interacting  bodies  ?  This  system  consists  not  only 
of  the  current  and  the  movable  magnet,  but  also  of  the  battery  which  sets  the 
electric  current  in  motion,  and  the  conductors  which  unite  the  battery  with  the 
two  ends  of  the  movable  current  We  will  not  speak  of  the  special  phenomena 
which  occur  at  the  point  of  contact  of  movable  and  immovable  parts.  The 
battery  is  the  seat  of  incessant  transformation  of  chemical  actions.  Is  it  there- 
fore strange  that  such  transformation  should  cause  a  continuous  increase  of  the 
velocity  of  rotation  of  a  movable  wire  ?  The  actual  mechanism  by  which  the 
phenomena  are  caused  is  unknown,  but  nothing  necessitates  us  to  admit  that 
the  action  of  the  real  elementary  forces  does  not  follow  the  general  laws  of 
action  of  natural  forces.  The  assumed  elementary  forces,  to  which  we  are 
necessarily  led  when  we  limit  our  consideration  to  the  magnet  and  movable 
current,  are  functions  of  the^  angle,  and  perpendicular  to  the  plane  of  the  mag- 
net and  current.  These  forces  are  not  in  the  least  analogous  to  the  elementary 
forces  which  govern  the  motions  of  the  stars  or  the  faU  of  bodies.  They  are 
pure  mathematical  symbols,  which  represent  not  the  reality,  but  only  the  last 
stages  to  which,  thus  far,  analysis  of  the  phenomena  has  led  us.  We  can  sav 
the  same  of  the  electro-dynamic  forces,  and  of  the  famous  formula  by  which 
Ampere  has  represented  what  he  calls  the  opposite  action  of  two  current  ele- 
menta  This  formula  is  an  experimental  law,  which,  in  its  unlimited  f ruitf ul- 
ness,  indeed,  exhausts  every  possible  variation  of  the  phenomena ;  but  which 
poBsessee  no  reality  outside  of  the  circle  of  phenomena  for  which  it  forms  the 
general  bond.  If,  for  example,  it  were  possible  to  place  two  current  elements, 
independently  of  any  voltaic  circuit,  in  the  same  physical  condition  as  when 
they  form  an  actual  part  of  such  a  circuit,  it  proves  nothing,  that,  in  accord- 
ance with  Ampere's  law;*,  they  must  approach  or  recede  fiom  each  other.  All 
that  we  can  assert  is  that  these  laws  represent  the  phenomena  in  all  cases  open 
to  experiment.  We  can  see  in  them  only  the  translation  of  the  secret  mechan- 
ism by  which  the  phenomena  are  produced,  and  nothing  prevents  the  admis- 
siou  that  the  actual  forces  involved  in  such  mechanism  are  simple  functions 
of  the  distances,  and  act  in  the  line  connecting  any  two  mutually  acting  points. 

This  was,  moreover.  Ampere's  own  view  of  his  discoveries.  If  he  seldom 
referred  to  it,  even  sometimes  apparently  rejected  it  for  the  opposite,  it  was 
onlv  not  to  offend  the  scientific  views  of  his  contemporaries,  who  without  it  had 
difficulty  enough  to  appreciate  his  experiments,  and  who  would  have  rejected 
his  hypotheses  without  proof.  But,  in  the  remarks  which  he  has  added  to  the 
presentation  of  his  theory  (read  at  the  official  session  of  the  Academy,  April  8, 
1822),  he  has  expressed  himself  in  a  manner  which  aUows  no  doubt  as  to  his 
convictions. 

"  I  remarked,"  he  says,  "  1.  That  the  attractions  and  repulsions,  whose 

6 
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existence  between  portions  of  tbe  conducting  wires  I  had  reo(>gnized,  could  not 
arise  in  the  same  way  as  that  of  ordinary  electricity,  by  reason  of  imeqnal  dis- 
tribntion  of  the  two  fluids  which  mutually  attract  each  other,  and  eyery  part  of 
which,  of  the  same  kind,  is  repelled,  since  all  the  hitherto  known  properties  of 
the  conducting  wires  show  that  neither  the  one  nor  the  other  of  the  two  fluids 
occurs  in  larger  quantities,  in  a  body  which  serves  as  conductor  of  an  electrical 
current,  than  when  the  same  bodies  are  in  their  natural  condition.* 

"  3.  I  remarked  that  it  is  dilllcult  not  to  conclude,  therefore,  that  these  attrac- 
tions and  repulsions  are  caused  by  the  extremely  rapid  motion  of  the  two -elec- 
tric fluids  wnich  traverse  the  conductor,  by  reason  of  almost  instantaneous  de- 
composition and  composition  in  opposite  directions  ;  a  motion  assumed  by  all 
physicists  since  Volta,  and  which  the  theory  given  by  this  renowned  savant  of 
the  admirable  instruments  constructed  by  him,  substantiates. 

"3.  If  we  ascribe  the  attractions  and  repulsions  of  the  conducting  wires  to 
this  cause,  we  cannot  avoid,  if  we  explain  the  ordinary  electrical  phenomena  in 
the  customary  manner,  admitting,  further,  that  the  motions  of  the  two  electrici- 
ties in  the  wires  are  propagated  in  every  direction  in  the  neutral  fluid  formed 
by  this  union,  with  which,  necessarily,  all  space  must  be  filled  ;  so  that  when 
the  motions  thus  arising  in  the  surrounding  medium,  caused  by  two  small 
current  portions,  mutually  coincide,  there  is  a  tendency  to  approach,  which  is, 
in  fact,  the  case  when  we  observe  attraction ;  and  that  when  the  two  motions  are 
opposed,  the  two  current  portions  tend  to  repel  each  other,  as  experiment  also 
shows. 

"4  If  we  consider  these  attractions  and  repulsions  as  actually  caused  by  these 
reasons,  the  law  that  a  small  portion  of  the  electric  current  can  be  replaced  by 
two  others,  which  stand  to  it  in  the  same  relation  as  two  forces  to  their  result- 
ant, is  a  necessary  consequence  of  this  assumption ;  since  velocities  are  com- 
posed like  forces,  and  since  the  motion  which  the  small  portion  of  a  current, 
represented  in  intensity  and  direction  bv  the  resultant,  imparts  to  the  fluid 
which  fills  space,  is  necessarilv  equal  to  that  which  is  caused  in  the  same  fluid 
by  the  union  of  the  two  small  current  portions  which,  in  similar  manner,  are 
represented  by  the  two  components. 

*'  At  the  time  when  I  was  occupied  by  these  ideas,  Fresnel  conmiunicated 
to  me  his  elegant  researches  upon  light,  from  which  he  deduced  the  lavrs  which 
determine  all  the  conditions  of  optical  phenomena. 

*'  I  was  surprised  at  the  agreement  between  his  views  and  those  to  which 
I  had  been  led  by  the  consideration  of  electro-dynamic  attractions  and  repul- 
sions. 

"  He  showed,  from  the  accordance  of  these  phenomena,  that  the  ethereal 
fluid  of  space,  which  cannot  be  regarded  as  the  result  of  the  union  of  the  two 
electricities,  must  be  nearly  incompressible,  aud  must  permeate  all  bodies,  as 
gas  flows  through  a  net,  and  that  the  motions  caused  in  this  fluid  must  be  prop- 
agated by  a  kind  of  friction,  which  enables  the  moving  layers  to  set  in  motion 
others.  Hence  it  was  natural  to  suppose  that  the  flowing  electric  current  in  a 
conducting  wire  caused  the  surrounding  neutral  fluid  to  take  part  in  its  motion, 
and  in  part  rubbed  on  it,  so  that  a  reaction  of  this  fluid  on  the  current  was 
caused.  This  reaction  can  cause  no  tendency  to  a  displacement  of  the  wire,  so 
long  as  the  difference  of  velocities  on  all  sides  of  the  wire  is  the  same.  There 
will  be,  however,  a  tendency  to  move  the  wire  as  soon  as  a  second  current  ex- 
ists, and,  indeed,  either  toward  the  side  on  which  this  difference  of  velocity, 
and  hence  of  reaction,  is  less — that  is,  the  side  upon  which  another  electric  cur- 
rent tends  to  move  the  fluid  in  the  same  direction — or  toward  the  opposite  side, 
npon  which  this  difference  is  greater,  because  there  another  electric  current 
exists  which  tends  to  move  the  fluid  in  the  opposite  direction,  according  as  the 
two  mutually  acting  currents  flow  in  the  same,  or  in  opposite  directions. 

"  These  views  certainly  make  clear  the  attraction  between  similarly  flowing, 

*  We  know  now  tbat  free  electricity  exists  upon  the  Bnrface  of  condoctors  throngh  which  a 
carrent  flows.  The  distribution  of  this  electricity  is,  however,  such  that  It  has  no  influence  upon 
the  electro-dvnamic  phenomena.  Moreover,  by  the  composition  of  forces,  which  are  only  func- 
tions of  the  oistances,  we  could  never  oiiCam  resultants  which  are  functions  of  the  aa^es. 
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and  the  repulsion  between  oppositely'  flowing  currents;  in  accordance  with  ex- 
periment ;  but  I  have  not  forgotten  the  fact  that,  as  It  is  not  possible  to  calcu- 
late all  the  effects  of  the  motion  of  fluids,  they  are  too  general  to  serve  as  the 
foundation  for  a  law  whose  correctness  can  be  confirmed  by  direct  and  exact 
experiment.  This  is  the  reason  why  I  have  confined  myself  to  representing  it 
simply  as  a  fact  based  upon  observation." 

Thus  far  Amp^.  It  is  interesting  to  see  how  the  renowned  author  of  the 
"  Thforie  des  phenomenes  electrodynamiques  "  recogniaed  back  of  the  problem 
solved  by  him,  another  still  deeper  and  more  diflScult,  the  solution  of  which  be 
left  to  the  future.* 


NOTE  25.— (Page  46.) 

BLECTEOLYTIC  CONVECTION. 

When  a  current  is  made  to  perform  decomposition  of  water,  the  chemical 
heat-equivalent  of  the  decomposition  must  be  abstracted  from  the  heat-equiv- 
alent of  the  electrolytic  process  in  the  galvanic  battery.  Since,  now,  for  the 
decomposition  of  one  equivalent  of  metiQ  in  each  element  of  the  battery,  one 
equivalent  of  water  is  decomposed  in  the  voltameter,  a  decomposition  of  water 
can  only  occur  when  the  electrolytic  processes  in  the  battery  develop  more  heat 
than  can  be  generated  by  the  reunion  of  the  oxyhydrogen  gas  developed  in  the 
voltameter.  About  1}  Daniell's  cells  are  necessary  to  give  continuous  decom- 
position of  water,  f 
'  With  a  single  Daniell  cell,  therefore,  no  decomposition  of  water  is  possible. 

The  conditions  are  essentially  different  when  lbK)th  electrodes  and  tne  liquid 
of  the  Yoltameter  are  completely  ^turated  with  hydrogen  or  with  oxygen. 

There  is  then  a  transmission  of  electricity  from  one  electrode  to  another, 
either  through  a  non-electrolytic  condi^ction  of  the  water,  or  through  a  process 
which  Helmholtz  calls  electrolvtic  convection.  This  peculiar  process  consists  in 
the  fact  that,  under  such  conditions,  an  electrolvtic  decomposition  of  the  water 
and  a  separation  of  hydrogen  and  oxygen  can  take  place.  If  thus,  for  example, 
the  voltameter  is  completely  saturated  with  hydro^n,  the  oxygen  combines  im- 
mediately, upon  its  generation,  with  the  condensed  hydrogen  upon  the  surface 
of  the  platinum.  Then  the  negative  work  of  the  water  decomposition  is  com- 
pensated by  the  positive  work  of  the  water  formation  on  the  one  electrode.  In 
this  case  the  water  decomposition  is  connected  with  no  essential  consumption 
of  heat.  The  condition  of  such  a  process  is,  therefore,  that  on  one  electrode 
more,  and  upon  the  other  correspondingly  less,  hydrogen  occurs.  The  entire 
process  is  thus  limited  to  a  different  distribution  of  the  gas  contained  in  the 
liquid. 

Thus  Helmholtz  found  that  a  current,  which  was  able  to  decompose  in  24 
hours  60  milligrams  of  silver,  could  pass  for  a  day,  without  diminution  of  its 
strength,  through  such  a  voltameter  saturated  with  hydrogen,  without  causing 
more  than  a  just  appreciable  polarization. 

Especially  under  very  low  pressure,  for  more  rapid  development  of  hydrogen, 
the  hvdrogen  separated  in  gaseous  state. 

With  such  a  voltameter,  the  pair  of  platinum  plates  being  laden  vrith  hydro- 
gen gas,  a  development  of  hydrogen  may  be  caused  by  one  Danieirs  cell. 

Thisphenomenon  was  earlier  noticed  by  Poggendorff.  It  finds  its  explana- 
tion in  ^1mholtz*s  experiments,  and  does  not  stand,  as  we  see,  in  contradictioi) 

to  the  principle  of  equivalence. 

• .^^_^_^^^.^.^_^.^_.^^__^__^ 

*  Thecomplete  solution  of  theproblem  has  been  essayed,  in  recent  times,  bv  Helmholtz  in  hit 

Japer  **  UeberdieBewegnn^gleicnnngen  der  Electrlcitaet  fflr  mhende,  leitende  KOrper,"  Creirs 
oomal,  vol.  Ixxi.,  p.  57,  and  by  Carl  Nenmann,  in  his  work  "  Theorie  der  elektrischen  Krafte," 
1878.  _ 

t  Thomson— On  the  Mechafnfcal  Theory  of  Electrolysis,  Phil.  Mag.,  1861.  He  givee  the  qnan- 
tUf  at  1.318  DanieU  ceUs. 


84  NOTES  Aim  ADDITIONa 

NOTE  26.— (Page  46.) 

TJPOK  THE  POLARIZATION  OF  THE  ELECTRODES. 

We  1IIA7,  by  the  aid  of  the  same  mechanical  consideratioii,  deduce  the  neces- 
mlj  of  another  phenomenon,  viz.,  that  of  the  polarization  of  the  electrodes. 

When  the  drcnit  is  completely  metallic  and  remains  immovable,  the  heat 
developed  in  a  given  time  represents  the  total  work  of  the  chemical  forces. 
When  the  clrcoit  also  contains  a  compound  liquid,  the  heat  developed  in  the 
cells  by  the  same  amount  of  chemical  action  must  be  less,  since  it  icpresents 
only  the  excess  of  the  positive  work  in  the  voltaic  cells  over  the  negative  work 
in  the  decomposing  apparatus.  It  is,  therefore,  necessary  that  this  heat  shall 
be  less  than  that  which  is  obtained  when  the  liquid  is.  replaced  by  a  metallic 
conductor  of  the  same  resistance.  This  can,  however,  only  be  the  case  when 
the  liquid  changes  the  current  intensity  in  some  other  manner  than  by  the  intro- 
duction of  its  resistance. 

Since,  now,  we  know  that  there  are  no  means  of  diminishing  the  inten- 
sity of  a  current  other  than  increasing  the  resistance  of  the  conductor,  or  dimin- 
ishing the  electro-moiive  force,  we  see  that  the  introduciion  of  such  a  liquid 
must  have,  as  an  immediate  and  necessary- consequence,  a  diminution  of  the 
total  electro-motive  force ;  that  is,  the  development  of  an  electro-motive 
counter-force. 

Upon  this  rests  directly  the  polarization  of  the  electrodes.  In  consequence 
of  this  polarization,  the  current  of  a  single  cell  of  the  ordinary  battery  reduces, 
by  the  introduction  of  a  voltameter  with  acid  water,  to  zero,  and  hence  the 
decomposition  of  water  under  these  circumstances  is  impossible.  When  the 
liquid,  during  its  decomposition  by  the  action  of  one  of  the  chemical  elements 
originated  by  the  decomposition,  is  again  formed  upon  the  corresponding  elec- 
trode, the  work  of  the  chemical  forces  is  actually  zero,  and  we  know  that  then 
no  polarization  can  occur. 

NOTE  27.— (Page  46.) 

THE  DECOMPOSITION  OF  ZINC  IN  DILUTE  ACIDS. 

It  has  been  long  observed  that  when  commercial  zinc  is  dissolved  in  acid 
water,  the  generation  of  hydrogen  does  not  take  place  ac  all  points  of  the 
metal,  but  at  certain  special  points,  which  appear  thus  to  be  different  from  the 
others. 

De  la  Rive  has  observed  that  these  points  are  fewer  with  distilled  zinc,  and 
that  the  development  of  hydrogen  takes  place  more  slowly  than  for  ordinary 
zinc.  Finally,  Almeida  has  found,  after  he  had  succeeded  in  producing  per- 
fectly pure  zinc  by  galvanic  process,  that  this  metal  resisted  perfectly  the 
action  of  dilute  sulphuric  acid.  In  both  cases  the  pure  zinc  assumed  the  prop- 
erties of  the  ordinary  metal  when  some  other  metal  was  added,  so  that  the 
acid  came  in  contact  with  a  surface  not  homogeneous  in  character. 


NOTE  28.— (Page  47.) 

UPON  THE  APPLICATION  OF  THE  MEASUREMENT. OF  ELECTRO-MOTIVE 
FORCES  TO  THERMO-CHEMICAL  INVESTIGATIONS. 

In  the  first  part  of  Note  22  we  have  said  that  the  heat  developed  in  a  given 
time  by  a  current  in  its  total  circuit,  is  proportional  to  the  product  of  the  inten- 
idty  and  the  sum  of  the  electro-motive  forces.     If  we  consider  different  cir- 
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CQite,  each  of  wbicb  consists  oDly  of  a  single  pair  and  metallic  conductors,  tlie 
amoonts  of  heat  developed  in  a  unit  of  time  in  these  different  circuits  are  to 
each  other  as  the  products  of  the  intensity  and  electro- motive  forces  of  each 
pair.  Since,  however,  the  intensity  is  proportional  to  the  number  (whole  or 
fractional)  of  metal  equivalents  decomposed,  it  follows  that  the  heat  developed 
bv  the  decomposition  of  one  equivalent  of  metal  in  the  different  elements,  is 
directly  us  the  electro-motive  force  itself.  We  can,  therefore,  replace  calori- 
metric  measuremoDts  by  measurements  of  the  electro-motive  forces,  provided 
that  we  know  in  a  few  cases,  by  direct  experiment,  for  a  certain  amount  of 
heat  developed,  the  corresponding  electro-motive  force. 

The  practical  advantage  of  tTiis  method  is  apparent,  but  its*  application 
involves  some  diflSculties.  In  all  those  cases  in  which  the  chemical  action 
which  causes  the  current  is  accompanied  by  a  development  of  gas,  the  electro- 
motive force  varies  with  the  intensity  of  the  current.  But,  by  local  heat  phe- 
nomena occurring  at  those  points  at  which  the  gas  is  generated,  the  case  may 
happen  that  the  total  heat  production  is  constant.  We  cannot  therefore  speak, 
without  specifying  further,  of  any  proportionality  between  the  two  quantities. 
Many  observations  made  with  care  and  skill,  because  no  account  was  taken  of 
these  circumstances,  have  lost  the  greater  part  of  their  value. 


NOTE  29.— (Page  48.) 

THE  INFLUEKCE  OF  THE  PBICTION  OF  THE  BLOOD  UPOK  THE 

ANIMAL  HEAT. 

These  yiews  hold  good  in  spite  of  the  interior  motions  in  organisms,  and  in 
spite  of  the  resistances  which  these  encounter.  There  is  no  reason  for  taking 
account  of  that  part  of  these  resistances  doe  to  the  action  of  the  outer  forces — 
— as,  for  example,  gravity — ^so  long  as  there  is  no  displacement  of  the  center  of 
gravity  of  a  body.  The  interior  circulation  of  fluias,  the  movements  of  the 
muscles  resulting,  the  elastic  reactions  of  the  vessels,  cannot  give  rise  to  any 
work  of  gravity. 

As  to  the  inner  resistances,  these  are  the  frictions  which  must  develop  just 
as  much  heat  as  the  muscular  force,  which  maintains  the  motion  of  the  liquids 
in  spite  of  friction,  consumes.  We  see  then  how  useless  is  the  investigation 
of  the  Influence  of  the  friction  of  the  blood  in  the  vessels  upon  the  heat  of 
animals,  which  some  physiologists  have  made.  In  order  to  overcome  this  fric- 
tion, the  action  of  the  heart  is  necessary.  In  order  to  maintain  this  action,  a 
portion  of  the  heat  furnished  by  the  interior  combustion  in  the  organism  is 
necessary.  This  loss  of  heat  is,  however,  completely  replaced  by  the  neat  gen- 
erated by  the  friction  of  the  blood  in  the  total  circulatory  system.  There  is 
thus  only  another  distribution  of  the  heat,  while  its  total  amount  remains 
unchanged. 

So  long  as  the  animal  remains  at  rest,  we  are  perfectly  justified  in  compar- 
ing this  total  heat  quantity  with  the  sum  of  the  chemical  actions  arising  from 
respiration.* 

NOTE  30.— (Page  49.) 

UPON  VEGETATION  WHICH  IS  CARRIED  ON  WITHOUT  THE  INFLUENCE 

OF  LIGHT. 

When  the  influence  of  light  is  withdrawn  from  the  higher  plants,  two  cases 
may  occur  :  either  they  may  act  like  inanimate  bodies,  absorbing  oxygen  from 

*  See  Him,  Remarqnes  snr  le  rOIe  r^el  qne  Jone  le  f rottement  des  moffoles  dans  leph^nomdne 
de  la  calorification  dee  fitres  yivants  4  aang  chand  oa  i  sang  froid.  Cosmos,  18®,  vol.  zxi., 
p.  287. 
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tbe  air  and  allowing  the  water  and  carbonic  acid  in  tbe  soil  to  filter  throngh 
their  organism,  then  bleaching,  and  if  often  increasing  in  their  dimensions, 
still  the  proportion  of  combastible  substances  seeming  rather  to  diminish  than 
to  increase  ;  or  a  part  of  their  tissaes  is  destroved  bj  more  or  less  rapid  oxida- 
tion, and  experiences  far-reaching  changes,  which  nevertheless  do  not  reqnire 
the  action  of  any  onter  forces  ;  these  can  be  regarded  as  oxidations  broagfat 
about  by  the  natural  activity  of  the  affinities,  as,  for  example,  in  the  germina- 
tion of  seed. 

The  question  now  arises  whether  the  same  is  true  of  the  lower  plants,  whose 
life  is  almost  entirely  independent  of  the  influence  of  light,  or  if  not,  in  what 
way  is  this  fufluence  replaced,  and  how  is  ;t  possible  that  they  grow,  and  that 
their  vegetation  is  accompanied  by  a  negative  work  of  the  affinities. 

In  its  present  state,  experimental  physiology  gives  no  reliable  answer  to 
these  questions.  In  order  to  answer  them,  we  must  first  have  exact  compara- 
tive analyses  of  lower  plants  which  have  completed  their  development,  and  we 
must  investigate  chemically  the  materials  by  the  use  of  which  they  have  de- 
veloped. In  most  cases  these  materials  arc  decomposing  organic  bodies,  and  it 
is  possilile  that  the  simple  elements  composing  every  organism,  such  as  carbon, 
hvdrogen,  oxygen,  nitrogen,  occur  in  these  in  the  same  proportions  as  in  the 
plants  themselves,  but  in  a  different  grouping. 

The  vegetable  life  can,  therefore,  only  be  a  series  of  equivalent  transforma- 
tions, which  demand  no  expenditure  of  work  furnished  by  outer  force& 

If,  on  the  other  hand,  experiment  shows  that  in  the  tissues  of  the  lower 
plants,  without  any  action  of  light,  carbon  and  hydrogen  exist  in  relatively 
higher  proportions  than  in  the  organic  substances  upon  which  they  live,  we 
may,  it  seems  to  me,  account  for  it  somewhat  as  follows.  Almost  always  dur- 
ing the  development  of  such  plants,  the  organic  bodies  which  serve  as  nourish- 
ment are  decomposed,  and  pass  gradually  into  a  condition  in  which  they  tend 
to  follow  the  natural  activity  of  the  affinities.  There  \s  thus  evidently  a  posi- 
tive work  of  the  affinities,  and  hence  a  production  of  heat.  Is  it  not  possible 
that  a  part  of  this  heat  is  made  use  of  by  the  plant  itself,  and  causes  phenom- 
ena which  correspond  to  a  negative  work  of  the  affinities  ?  In  this  way  the 
action  of  the  sun's  rays  may  be  replaced.  It  seems  as  if  an  observation  of 
Pasteur  gave  a  certain  probability  to  this  view.  Pasteur  has  shown  that  the 
formation  of  acid  in  alcohol  is  brought  al>out  by  the  oxygen,  which  the  count- 
less organisms  living  upon  the  surface  of  the  liquid  condense.  When  these 
plants  are  not  present,  the  oxygen  of  the  air  is  not  capable  of  oxidizing  the 
alcohol ;  when  the  oxygen  is  absent,  these  plants  cannot  live. 

The  oxidation  does  not  appear  to  proceed,  however,  from  any  special  activity 
of  the  plants,  but  seems  only  to  depend  upon  their  presence  and  the  property 
which  they  possess  in  a  considerable  degree  of  condensing  gases  upon  the 
surface.  It  is  not  therefore  reasoning  in  a  circle,  when  we  assume  that  the 
oxidation  of  the  alcohol  is  a  necessary  condition  for  the  acid-forming  vegeta- 
tion. It  would  even  be  quite  natural  to  suppose  that  the  heat  developed  by 
this  oxidation,  and  which  is  so  consideral)le  that  no  thermometer  is  required  to 
detect  it,  is  in  part  made  use  of  for  the  production  of  such  phenomena  of  vege- 
table life,  which  are  opposed  to  the  tendency  of  the  affinities. 

In  the  life  processes  of  the  barm  fungus  there  seems  something  similar. 
The  sugar  is  decomposed  during  the  fermentation  into  alcohol  and  carbonic  acid. 
The  alcohol  possesses  a  considerably  less  heat  of  combustion  than  the  quantity 
of  sugar  which  is  necessary  for  its  formation.  There  is,  therefore,  work  or 
living  force  performed  in  this  decomposition.  A  part  of  this  living  force  is 
applied  in  calling  forth  the  chemical  processes  which  are  involved  in  the  forma- 
tion of  the  cells  of  the  fungus.  Another  part  is  directly  transformed  into  heat 
On  the  one  side  we  have,  during  fermentation,  a  process  which  corresponds  to 
the  natural  tendency  of  the  affinities  ;  on  the  other,  the  satisfaction  of  the 
chemical  force  of  attraction  is  the  source  of  the  positive  work,  upon  which  the 
fungus  draws  in  order  to  form  new  cells,  or  periorm  negative  work. 

We  see,  therefore,  that  by  fermentation,  likewise,  cells  are  formed,  plant 
organisms  increase,  and  not  inconsiderable  quantities  of  heat  are  developed 
without  any  outer  force,  such  as  light,  as  the  cause.* 

*  Sec  A.  Mayer,  Pogg.  Ann.,  vol.  cxlii,  p.  29S. 
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NOTE  31.— (Page  49.) 


As  loDg  as  the  ftetlon  of  the  snn'a  nijs  upon  plftnts  was  not  recogniEed  as 
the  caase  of  those  processes  nblcb  eontmuaUygoonln  thegrowtliofTegetatlon, 
fl  must  have  seemed  verj  puzzling  from  whence  the  enormous  amounts  of  lir- 
in((  force  could  originate,  which  are  accumulated  readj  for  work,  in  plants. 
Now  we  know  that  these  processes,  which  are  opposed  to  the  natural  tendencf 
of  the  chemical  affiDities  |with  yeTj  few  exceptions,  noticed  in  Note  80)  tan 
place  only  nnder  the  action  of  light,  and,  indeed,  of  light  upon  those  puts  of 
plants  which  contain  chlorophyll. 

The  green  chlorophjll -containing  plants  take  from  the  air  the  carbon  which 
the;  contain.  The  carbonic  add  conUnuallv  absorbed  by  the  leaves  is  decom- 
posed hy  the  action  of  light  In  thoee  cells  containing  chlorophyll,  and  the  supei- 
flnous  oxygen  Is  given  out. 

The  oxygen  developed  by  the  plant  may  serve  as  a  measnTe  of  the  deconi' 
position,  if  it  is  really,  as  is  ^nerally  assumed,  completely,  or  under  various 
clreumGtaiices  In  equal  degree,  separated  by  the  respiratory  organs  ot  the 
plant 

Since  this  decomposition  of  the  carbonic  acid  takes  place  only  in  the  cells 
containing  chlorophyll,  and  In  these  only  under  the  action  of  light,  it  is  sug- 
gestive to  investigate  Uieoptlcal  eharaoter  of  this  coloring  matter. 

If  we  deprive  a  plant  of  its  chlorophyll  by  treatment  with  water,  alcohol, 
or  ether,  and  examine  the  spectram  at  the  light  which  passes  tlirongh  a  fresh 
concentrmted  solution,  It  appears  that  different  parts  of  the  sun's  light  are  more 
or  leas  completely  absorbed. 


jjumiij 


lains  completely  nnchanged.*  hat  Immediately  behind 

pb;]l  upon  Ibe  nltnTed  pnitlon  of  the  rpeclroin  hu  not.  to  tarai 
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Fraunhofer's  line  B,  Fig.  7,  we  baye  a  black  absorption  strip  wbicb  Hagenbach 
denotes  by  L  This  strip  is  pretty  sharply  defined,  and  extends  beyond  line  C. 
Aboat  at  its  middle  there  is  a  lignt  portion.  A  second  absorption  strip  {H  of 
Ha^enbnch)  occurs  nearly  in  the  middle  between  C  and  D  ;  a  third  {III),  a 
little  behind  D  ;  a  fourth  (/F),  in  the  green,  just  before  E.  These  strips  are, 
however,  much  less  dark  than  the  first  in  the  red. 

From  the  middle,  between  F  and  G,  on,  almost  the  rest  of  the  entire  spec- 
trum is  uniformly. absorbed.  The  Figure  shows  the  absorption  spectrum  of 
chlorophyll,  and  indicates  the  position  of  Fraunhofer's  lines. 

We  see  from  the  Figure  that  the  yellow  red  rays,  certain  parts  of  the  yellow, 
and,  in  less  degree,  the  green  and  the  indigo  blue  and  violet  portions  of  the 
spectrum,  are  almost  completely  cut  off  by  the  chlorophyll. 

The  absorption  spectrum  of  the  solid  chlorophyll,  as  found  in  the  leaf,  agrees 
in  number  and  arrangement  of  the  strips  with  that  of  the  solution,*  and  that 
of  the  leaves  of  living  plants  does  not  deviate. 

Slight  differences  in  the  absorption  phenomena  in  actual  leaf  organs  and  in 
solutions,  are  explained,  as  Melde  suspected  and  Gerland  has  proved,  by  the 
diminution  of  the  light  by  the  other  contents  of  the  cells  and  the  tissues  of  the 
leaves. 

Only  the  absorbed  rays  can  cause  the  processes  of  decomposition  and  asslm- 
ilaiion  in  plants,  and  those  rays  not  absorbed  are  of  comparatively  indifferent 
effect. 

If  we  inquire  now  which  of  these  rays  has  the  greatest  effect  upon  chemi- 
cal  processes,  we  must  evidently  seek  them  among  those  having  the  greatest 
mechanical  energy. 

This  energy  has  no  connection  with  the  subjective  sensation  of  light  inten- 
sity, for  our  eyes  may  indeed  decide  whether  a  given  red  is  lighter  or  darker 
than  the  red  from  another  source,  but  they  cannot  compare  the  light  rays  of 
two  different  pure  colors  of  the  spectrum. 

The  best  measure  of  the  mechanical  energy  of  a  given  color  is,  as  Lommel 
has  remarked,  the  heat  effect,  when  we  assume  that  the  entire  energy  of 
a  ray  absorbed  by  a  soot-covered  thermopile  is  completely  transformed  into 
heat. 

If  this  is  the  case,  then  the  heat  curve  of  the  solar  spectrum  is  that  which 
expresses  the  energy  of  the  various  rays. 

The  heat  effect  of  the  violet  and  blue  rays  is  very  slight,  and  that  of  the  red 
and  ultra  red  very  large. 

In  the  Figure  the  curved  line  is  the  heat  curve  of  the  solar  spectrum. 

If  we  compare  it  with  the  absorption  spectrum  of  chlorophyll,  we  see  that 
the  yellow  rays  especially  must  furnish  the  energy  required  for  the  assimila- 
tion of  the  carbonic  acid,  for  these  are  the  most  completely  absorbed,  and  pos- 
sess the  greatest  mechanical  energy. 

From  the  preceding  we  can  tell  beforehand  what  influence  the  different 
parts  of  the  spectrum — that  is,  the  color  of  the  acting  light— will  have  upon  the 
activity  of  the  chlorophyll. 

If  we  bring  green  plants  into  such  portions  of  the  solar  spectrum  f  as 
are  not  absorbed  by  the  chlorophyll,  there  can  be  no  decomposition  of  car- 
bonic acid.  If  we  allow  all  that  light  to  act,  corresponding  to  absorption 
strip  /,  there  is  a  very  active  decomposition  of  carbonic  acid  and  development 
of  oxygen. 

The  activity  of  assimilation  must  then  be  little  less  than  one-half  of  that 
for  free  exposure,  if  parts  of  the  ultra  red  portion  of  the  spectrum  are  also 
absorbed  by  chlorophyll. 

The  amount  of  heat  obtained  by  the  absorption  of  strip  /is  about  equal  to 

*  Lommel  (Poeg.  Ann.  vol.  czlUi.,  p.  679)  is  Indeed  not  entirely  of  this  opinion,  bnt  Gerl&nd^B 
objections  (Po^.  Ann.  vol.  czliii.,  p.  605)  to  Lommers  views  appear  to  me  well  taken.  Also,  we 
find  here,  that  j.  MfUler^s  doabt,  whether  the  spectrum  of  sreen  leaves  agrees  with  that  of  chloro- 
phyll, rests  only  npon  observations  made  nnder  nnfavoraDle  conditions. 

t  In  order  to  obtain  sufficient  intenslt  v,  a  concave  mirror  mast  be  n^ed  Instead  of  the  plane 
mirror  of  the  heliostat,  and  care  ranst  be  taken,  by  the  nse  of  rock-salt  prisms  and  lenses,  that  as 
little  heat  as  possible  may  be  absorbed  by  the  apparatus. 
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the  total  beat  obtained  by  the  absorption  of  the  entire  portion  of  the  spectrum 
from  between  F  and  O. 

Smaller  maxima  of  carbonic  acid  deconi position  mast  occur  when  the  plant 
is  broaRht  into  strips  11,  III,  IV, 

In  that  part  of  the  spectrum  from  between  F  and  6^  on,  there  will  be 
feeble  decomposition. 

If,  by  suitable  means,  we  separated  all  the  colors  from  between  F  and  O 
to  the  red  end  of  the  spectrum,  and  allow  the  others  to  act  upon  the  plant, 
the  assimilation,  assummg  that  the  ultra  red  rays  are  of  no  effect,  will  be  only 
half  as  great  as  for  free  exposure. 

These  assumptions,  deduced  from  a  comparison  of  the  absorption  spectrum 
of  chlorophyll  with  the  heat  spectrum  of  the  sun,  are  confirmed  by  experiment. 

Draper  has  found  the  carbonic  acid  decomposition  greatest  in  tne  yellow 
red  of  the  actual  spectrum,  and  his  result  has  been  confirmed  later  by  the 
experiments  of  Sachs,  Prillieux,  A.  Mayer,  Pfeffer,  and  Baranetzky. 

Most  of  these  investigators  have  worked  with  colored  glasses  and  solutions, 
and  not  with  the  actual  spectrum,  and  their  results  therefore  cannot  be  at  once 
made  use  of. 

If  useful  results  are  expected  with  colored  glasses  and  solutions,  we  must 
not  only  determine,  as  was  done  bv  Sachs,  the  absorption  spectrum  of  the  glass 
or  solution,  but  also,  by  special  photometric  measurements,  what  portions  of 
the  parts  of  the  spectrum  absorbed  by  the  chlorophyll  are  still  effective  in  the 
spectrum  of  the  ffiass  or  solution. 

When  this  is  done,  the  results  will  undoubtedly  be  in  agreement  with  theory. 

Whether  by  the  fluorescent  properties  of  chlorophylli  any  change  will  be 
caused,  cannot  be  decided  without  further  information;  but  it  does  not,  in  view 
of  the  theoretical  investigations  of  Lommel,  appear  probable. 


NOTE  32.— (Page  61.) 

VIEWS  OP  MAYEB  UPOK  THE  PHEKOMENON^  OF  THE  TIDES. 

It  may  not  be  superfluous  to  add  a  few  words  upon  an  interesting  astronomi- 
cal implication  of  the  theory,  the  first  suggestion  of  which  is  due  to  Mayer. 

We  know  that,  by  reason  of  the  combined  action  of  the  sun  and  moon,  two 
waves  originate  at  opposite  points  upon  the  sea  and  traverse  the  earth,  caus- 
ing the  phenomenon  of  the  tide.  When  the  tidal  wave  meets  the  coast  and 
shores,  it  causes  currents  and  counter-currents,  which  cannot  exist  without 
friction  and  development  of  heat. 

We  have  thus  upon  the  surface  of  our  planet  a  generation  of  heat.  But 
the  total  livine  force  (energy)  of  the  planet  cannot  be  increased  by  the  mutual 
aciion  of  its  different  parts,  and  hence  this  apparent  creation  of  heat  can  only 
be  a  transformation  of  other  living  force  (kinetic  energy)  into  the  living  force 
of  heat  (caloric  energy).    • 

The  ebb  and  flow  of  the  tides  diminish,  there'iore,  incessantly  the  living 
force  (kinetic  energy)  of  the  earth.  Probably,  both  the  velocity  of  rotation  and 
the  rectilinear  rotation  diminish  together ;  that  is,  the  length  of  the  sidereal 
day  increases,  and  the  major  axis  of  the  earth's  orbit  diminishes. 

Similarly  to  the  tides  upon  the  surface  of  the  ocean,  Falb  *  has  assumed  a 
correspondinff  tide  upon  the  surface  of  the  fluid  interior  of  the  earth,  and  de- 
duces from  wis  assumption  the  regular  return  of  earthquakes  and  volcanic 
eruptions. 

If  the  solid  earth  crust  and  the  fluid  interior  are  without  any  intermediate 
space  between  them,  such  a  tide  could  not  form,  but  the  tendency  to  its  forma- 
tion would  be  indicated  by  an  increase  of  pressure  of  the  fluid  contents  against 
the  crust. 

*  Fftib,  GrandsUge  su  eine  Tbeorie  der  Erdbeben  nnd  Vulcanansbrftche.    Oraz,  1871. 


90  NOTES  AND  ADDITIONS 

If,  however,  sacb  tides  octnallj  occur  in  the  earth's  interior,  they  can  cause 
effects  similar  to  those  of  the  tides  on  the  surface. 

It  is,  indeed,  tme  that  the  change  in  length  of  the  day,  and  the  diminution 
of  the  axis  of  the  earth's  orbit,  are  so  small  that  they  would  be  impeiceptible 
even  in  the  course  of  centuries.*  Still,  from  a  theoretical  standpoint,  these 
conclusions  are  none  the  less  interesting. 

Such  tides  have  certainly  occurred  upon  the  fluid  masses  of  the  planets, 
while  they  were  still  in  a  fluid  condition. 

It  may  be  that  such  tides,  caused  by  the  action  of  the  earth  upon  the  moon, 
have  deprived  it  of  its  axial  rotation,  while  it  was  still  in  the  fluid  condition, 
and  this  may  be  the  reason  why  now  it  always  presents  to  us  the  same  ude. 


NOTE  33.— (Page  54.) 

UPOK  A  BEMABK  OF  SEGUIN  CON^CEEKIKG  THE  STEAM  ENGIKE. 

In  order  to  prove  that  during  the  action  of  a  steam  engine  heat  is  neces- 
sarily used,  Seguin  remarks  that  if  all  the  heat  taken  from  the  boiler  were 
found  in  the  condenser,  this  amount  of  heat  would  be  sufficient  to  repeat  the 
same  action  indefinitely,  provided  that  it  were  possible  to  concentrate  tlie  heat 
contained  in  the  condenser  water,  so  that  with  it  the  fifteenth  part  of  its  mass 
could  be  heated  to  100",  and  then  converted  into  saturated  steam  at  this  tem- 
perature ;  which  is  in  entire  agreement  with  theory. 

We  could  thus  obtain,  by  means  of  a  finite  amount  of  heat,  an  indefinite 
continuance  of  motion,  which  is  neither  probable  nor  in  accordance  with  sound 
logic. 

This  argument  is  not  completely  satisfactory,  because  the  concentration  of 
heat  assumed  by  Seguin  implies  an  equivalent  expenditure  of  work  or  heac 
According  to  this  argument,  a  body  must  be  brought  to  a  temperature  of  10(>' 
by  heat  taken  from  another  body  at  40°. 

We  have  seen  in  the  preceding  presentation  under  what  conditions  this  is 
possible. 


POSTSCRIPT  OP  VEBDET  TO  THE  NOTES,   JITLT  16,    1862. 

While  in  press,  I  received  the  "  L'exposition  analytiqae  et  exp^rimentale  de 
la  throne  m^canique  de  la  chaleur,"  by  Him,  forwarded  by  the  author  to  the 
Academy  at  the  session  of  July  7,  1862.  In  this  work  Him  recognizes  the 
error  of  his  earlier  conclusions,  and  gives  the  explanation  of  the  peculiar  re- 
sults fnmished  by  his  experiments  upon  engines  without  expansion.  Our 
criticisms  upon  this  savant  (page  14)  are,  therefore,  rendered  inapplicable. 


NOTE  34.— (Page  64.) 

THE    DEPEKDBNGE    OP   THE    COLOB    OP    YEKOUS    BLOOD   UPON    THE 

TEMPEBATUBE. 

For  a  fuller  understanding,  it  may  be  well  to  add  some  information  as  to 
the  anatomical  and  physiological  relations  which  exist  in  the  higher  animal 
organisms. 

*  Mayer  estimates  tbnt  the  lensth  of  the  day  would  be  incrcaaed  by  the  action  of  the  tides 
one-sixteenth  of  a  second  In  ^,500  yean. 
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The  blood-yessels  are  of  three  classes. 

1.  The  arteries,  which  carry  the  blood  from  the  heart  to  all  parts  of  the 
body. 

2.  The  veins,  which  carry  the  blood  back  again  to  the  heart. 

8.  The  capillaries,  which  nnite  the  extreme  branches  of  the  arteries  and 
the  veins. 

In  these  blood-yessels  the  blood  circulates  incessantly,  so  long  as  life  exists. 
The  apparatus  which  causes  the  motion  of  the  blood  is  the  heart.  It  is  divided 
into  two  parts,  the  right  and  left,  by  an  impervious  partition.  Each  half 
consists  of  a  ventricle  and  auricle.  Each  ventricle  is  connected  by  valves 
with  its  auricle.  The  sides  of  the  heart,  especially  the  left,  are  formed  of 
powerful  muscles.  From  the  left  ventricle,  at  each  contraction  (systole),  a 
portion  of  the  bright  blood  in  it  is  forced  oat  into  the  aorta,  and  thence  into 
all  the  other  arteries.  Since  the  arteries  are  already  filled  with  blood,  they 
are  expanded  by  the  entrance  of  the  new  blood.  When  the  pressure  from  the 
heart  ceases,  and  they  contract  (diastole),  valves  at  the  entrance  of  the  aorta 
prevent  the  return  of  blood  to  the  heart.  The  contraction  of  the  elastic  walls 
of  the  arteries  forces  the  blood  forward,  through  their  ramifications,  into  the 
capillaries,  and  from  these  into  the  veins.  The  blood  thus  proceeding  from  the 
heart  is  called  arterial,  and  is  charged  with  oxygen. 

In  the  capillaries,  which  permeate  all  the  tissues,  this  oxygen  combines 
with  the  carbHon  and  hydrogen  of  the  food.  The  heat  generated  by  this  and 
oth^r  chemical  processes  is  one  source  of  the  animal  heat  of  living  organisms. 

By  this  combustion  carbonic  acid  is  formed,  which  is  held  in  solution  in  the 
blooa,  and  gives  it  a  dark  color. 

The  dark  colored  blood,  thus  deprived  of  its  oxygen  and  permeated  with 
carbonic  acid,  is  called  venous  blood.  The  veins  carry  this  blood,  and  with  it 
many  products  of  digestion,  which  are  likewise  taken  up  by  it  in  the  capillaries, 
to  the  henrt.  It  enters  there  the  right  auricle,  and  has  thus  made  the  "  greater 
circuit."  When  the  contraction  ceases  and  the  heart  expands,  the  blood  enters 
from  the  auricles  the  ventricles,  and  thus  the  venous  blood  passes  from  the 
right  auricle  into  the  right  ventricle.  From  this  it  is  expelled  by  the  next 
contraction,  and  forced  into  the  blood-vessels  of  the  lungs.  These  branch  out 
in  the  lungs  into  extremely  fine  capillary  tubes,  which  surround  like  a  network 
the  countless  ramifications  of  the  air  passages. 

Through  the  very  thin  sides  which  separate  the  blood  from  the  air  passages, 
there  is  an  inferchange  of  gases.  The  carbonic  acid  in  the  blood  is  given  out, 
and  the  oxygen  of  the  air  is  absorbed. 

The  blood  thus  retakes  its  bright  red  color,  and  becomes  again  arterial. 
From  the  capillary  vessels  of  the  lungs,  this  arterial  blo^  passes  by  four 
veins  back  to  the  heart,  and  enters  the  left  auricle.    From  this,  at  the  next 
diastole,  it  passes  into  the  left  ventricle,  and  begins  at  the  next  systole  its 
course  anew. 

The  passage  of  the  blood  from  the  right  ventricle,  through  the  capillary 
system  6$  the  lungs  back  to  the  left  auricle,  we  call  the  lesser  circuit. 

The  human  body  is  thus  comparable  to  a  steam  engine.  The  nourishment 
is  the  f  ael,  from  the  combustion  of  which  arises  the  increased  temperature  and 
power  of  both.  In  both  cases  the  oxygen  necessary  for  combustion  is  taken 
from  the  air.  To  the  boiler  correspond  the  capillary  vessels.  As  chimney  for 
the  discharge  of  the  carbonic  acid  formed  by  combustion,  and  at  the  same  time 
tB  grate  through  which  the  air  enters,  we  have  the  lungs  and  wind-pipe. 

Ajs  already  noticed,  the  heat  generated  in  the  body  by  combustion  of  the 
nourishment,  serves  a  double  purpose.  A  portion  is  transformed  by  the 
muscles  into  work ;  another  serves  to  maintain  the  temperature  of  the  body 
constant,  that  is,  to  supply  the  losses  by  radiation,  conduction,  perspiration, 
etc 

Many  observations  have  shown  that  the  temperature  of  the  human  body  is 
liidependent  of  the  outer  temperature,  and  in  a  healthy  condition  about  S?"*  C. 

When  the  outer  temperature  is  low,  the  loss  of  heat  must  then  be  greater, 
and  more  heat  must  be  produced  to  cover  this  loss  than  when  the  outer 
temperature  is  higher.     For  low  outer  temperature,  therefore,  more  nourish- 
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ment  mast  be  burned,  and  in  regions  wbere  the  outer  temperature  is  higher, 
less. 

When  more  nourishment  is  burned,  more  oxygen  must  be  inspired,  and 
more  carbonic  acid  formed.  Hence  in  cold  climates  the  venous  blocxl  must 
contain  more  carlK>nic  acid  than  in  the  warm,  and  the  arterial  more  oxygen. 

The  difference  in  color  between  venous  and  arterial  blood  depends  upon 
the  greater  amount  of  carbonic  acid  in  the  on^,  and  of  oxygen  in  the  other. 
There  must,  therefore,  be  a  relation  between  the  difference  of  color  and  the 
amount  of  nourishment  consumed,  or  between  this  difference  of  color  and  the 
animal  heat. 

Hence  the  color  of  the  venous  blood  must  vary  with  the  outer  temperature. 

In  cold  climates  the  venous  blood  is  darker  than  in  warmer.  Hence  it  was 
that  Mayer  found  in  Java  the  venous  blood  much  redder  than  in  Europe. 

This  observation  furnished  him  the  start! nff -point  for  his  discovery  of  the 
fundamental  principle  of  the  mechanical  equivalent  of  heat.* 


"THE  ENTBOPY  OP  TH;E  WORLD  TENDS  TOWARD  A    MAXIMUM."  f 

In  Chapter  IV.  of  the  second  Lecture  we  have  called  attention  to  an  impor- 
tant law :  the  amount  of  heat  which  in  a  perfect  heat  engine  is  transformed 
into  work,  and  the  amount  which  is  simultaneously  transferred  from  a  hot 
body  (the  furnace)  to  a  colder  body  (the  condenser),  stand  in  a  constant  rela- 
tion. 

This  principle  is  expressed  by  the  formula 

^      ^  l  +  ati 

or,  denoting  1  -f  a^^by  T\,  the  absolute  temperature, 

q-q'  _T,-To 
q      -       T,       ' 

Here  q  is  the  total  heat  expenditure  of  the  warmer  body,  of  the  boiler, 
whose  temperature  is  T^ ,  and  q'  is  that  part  of  this  heat  which  is  transferred 
to  the  colder  body,  to  the  condenser,  whose  absolute  temperature  is  Tq. 

Subtracting  both  members  of  the  above  equation  from  1,  we  have 


which  may  be  written 


JL^-^  or  ^^± 

q  -Tr  '       T,  -  T^  ' 


4^'-Y=0 (IX 


This  principle  admits  of  considerable  extension,  and  holds  good  in  some- 
what changed  form,  not  only  for  the  processes  accomplished  in  heat  engines, 
but  for  all  processes  by  which  heat  is  transformed  into  work,  or,  inversely, 
work  into  heat. 

Since  the  change  of  heat  into  work,  and  likewise  the  transfer  of  heat  of 
high  temperature  into  heat  of  low  temperature,  is  a  transformation,  this  prin- 

•  See  Mayer,  Mechanik  der  WRrme,  18(J7,  p.  239. 

t  BecCIausius,  neber  den  zweiten  Hauptsarz  der  mcchsijischeiiWirmctheorie,  Braunschweig, 
1887. 
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ciple  is  called  by  Claosius,  the  law  of  tLe  equivalence  of  transfonnations,  and 
Ss  regarded  as  tne  second  -general  law  of  thermodynamics. 

It  holds  good,  as  we  see,  only  for  cycle  processes  which  are  reversible,  as  in 
that  of  t)ie  perfect  heat  engine. 

If  the  cycle  process  is  more  complex,  the  equation  above  is  more  generally 

2  1=0 (I). 

There  are,  however,  transformations  of  other  forms  of  force  into  each  other, 
and  all  follow  this  law. 

Thus,  for  example,  heat  changes  the  arrangement  of  the  molecules,  while 
overcoming  outer  forces  and  the  action  of  the  molecular  forces  ;  while,  there- 
fore, it  performs  work. 

When  the  action  of  the  heat  is  sufficiently  powerful,  solid  bodies  become 
liquid,  and  liquids  are  changed  into  gases  ;  therefore  the  state  of  aggregation  is 
changed.  Clausius  calls  this  action  of  the  heal  *'  disgregation,"  and  expresses 
the  phenomenon  by  the  words,  "  heat  increases  the  disgregation  of  bodies." 

An  increase  of  disgregation  corresponds,  then,  to  a  change  of  heat  into 
work,  and  a  decrease  to  a  transformation  of  work  into  heat.  There  must, 
therefore,  exist  between  the  decrease  of  disgregation  and  such  transformation 
a  causal  relation. 

That  the  consideration  of  this  disgregation  conducts  us  to  the  preceding 
equation,  may  be  seen  from  the  following  example: 

Let  us  consider  a  quantity  of  gas  which  has  the  temperature  t^  volume  v, 
and  pressure  p.  Since,  under  such  conditions,  the  mean  distances  of  the  mole- 
cules is  determinate,  the  disgreeratiou,  which  measures  the  distribution  of  the 
gas  particles,  is  determinate.  We  denote  this  by  Z.  If  we  now  allow  the  gas 
to  expand,  or  compress  it,  under  constant  outer  pressure,  without  change  of 
temperature,  the  work  performed  or  expended  is^(«i  —  o))  where  «i  is  the 
new  volume. 

The  corresponding  amount  of  heat  q,  absorbed  or  set  free,  is 

J  =  ^V^^ (2). 

Let  the  disgregation  in  this  new  condition  be  Z^ ,  then  the  change  of  disgre- 
gation is 

Z^-'Z, 

Let  us  now  consider  an  equal  amount  of  the  same  gas  which  has  for  another 
temperature  £,,  the  same  volume  t,  and  hence  another  pressure  Pf. 

The  pressures  p  andp^,  according  to  the  laws  of  tnQ  expansion  of  gases, 
are  in  the  relation 

2_  _  1  +  a< 
Px  "  l  +  <xti  ' 

The  disgregation  of  the  new  gas  mass  is  evidently  the  same,  viz.,  Z,  since 
the  mean  distance  of  the  molecules  is  the  same. 

If  this  gas  takes  the  new  volume  «i ,  the  change  of  disgregation  is  neces- 
sarily the  same,  viz.,  Z,  —  Z. 

The  work  obtained  or  expended  is  however  evidently  different,  viz., 

and  the  heat  g,,  which  is  absorbed  or  set  free,  if  the  temperature  of  the  gas 
does  not  change,  is 

5'i  =  f w- 
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From  equations  (2)  and  (3)  we  have 

=  — - — ,        and         --  =  — f—. 
Pi  J  p  J 

The  left  sides  are  evidently  alike.     If  vre  take  account  also  of  the  equation 

_p   _l  +  (xt_  T 

we  iiave,  when  Tand  Ti  are  the  absolute  temperatures, 

Yt^^'T ^^^ 

an  equation  which  corresponds  perfectly  with  (1). 

We  see,  therefore,  that  the  amounts  of  heat  necessarj  to  cause  the  same 
change  of  disgreffation  are  inversely  as  the  absolute  temperatures  at  which 
these  amounts  of  neat  are  transformed. 

The  equivalent  value  of  the  heat  corresponding  to  a  determinate  change  of 
disgregation  is,  therefore,  obtained  by  dividing  the  heat  necessary  for  thia 
chan^  by  the  absolute  temperature. 

These  two  examples,  viz.,  the  theory  of  machines  already  alluded  to,  and 
the  law  of  disgregation  change  here  laid  down,  may  suffice,  if  not  to  prove 
rigidly,  at  least  to  make  intelligible  the  second  law  of  thermo-dynamics. 

We  have  now,  in  the  course  of  our  considerations,  become  accjuainted  with, 
three  kinds  of  changes,  yiz.,  the  change  of  heat  into  work,  or,  mversely,  the 
change  of  heat  at  a  higher  temperature  into  heat  at  a  lower,  and,  finally,  dis- 
gregation changes. 

Every  transformation  of  one  kind  corresponds  always  to  a  certain  amount 
of  another,  and  we  can  therefore  say  that,  in  every  process,  a  change  of  one 
sort  answers  always  to  a  corresponding  change  of  another. 

Entirely  analogous  relations  can  be  stated  for  every  transformation  of  one 
kind  of  force  into  another. 

If  we  assume,  temporarily,  a  unit  for  two  equivalent  transformations,  we 
can  set  them  equal. 

Since  every  equation  of  the  form 

«i  =  »j 
can  be  put  in  the  form 

«.  -«i  =0, 

this  principle  can  be  expressed  as  follows  : 

In  every  process  the  algebraic  sum  of  the  transformations  is  zero. 

It  is  necessary,  however,  to  call  attention  to  the  limitation  which  in  the  one 
case  is  expressly  made,  and  in  the  other  is  fulfilled,  viz.,  that  the  process  in 
question  must  be  reversible. 

Keeping  this  limitation,  we  have  the  second  law  of  thermo-dynamics  in  the 
form  as  given  by  Clausius. 

"  In  every  process,  however  complicated,  in  which  one  or  more  bodies 
undergo  reversible  changes,  the  algebraic  sum  of  all  the  transformations  must 
be  zero." 

The  second  law  is,  therefore,  well  called  the  law  of  the  equivalence  of 
transformations,  while  the  first  is  that  of  the  equivalence  of  work  and  heat. 


We  shall  next  seek  to  make  it  evident,  by  further  examples,  that  it  is  really 
necessary  to  introduce  the  limitation  that  the  second  law  holds  only  for  rever^- 
ble  transformations. 


TO  THE  LEOTUES&  96 

In  the  example  already  noticed,  in  which  we  consider  the  change  of  dis- 
gregation  of  a  gas,  it  was  always  assumed  that  the  pressure  remained  an- 
changed,  or,  better,  that  the  outer  pressure  differed  from  the  tension  of  the  gas 
only  oy  an  infinitely  small  amount.  Under  this  assumption  it  is  possible  to 
again  compress  the  gas  by  the  same  outer  pressure,  and  bring  it  back  to  its 
oriffinal  condition. 

The  gas  then  passes  through  all  the  changes  which  it  experienced  during 
expansion,  bat  in  reverse  order. 

The  gas,  however,  may  experience  the  same  changes  of  volume  and  dis- 

nution  in  another  manner, 
f,  thus,  we  connect  the  vessel  containing  the  gas,  whose  volume  is  v,  with 
another  whose  volume  is  Vt  —  «,  which  is  exhausted  of  air,  and  suddenly 
open  the  communication,  the  gas  will  enter  the  empty  vessel  until  there  is  the 
same  pressure  in  both.  The  volume  of  the  gas  is  now  v,  ;  the  change  of  dis- 
gregation  is  the  same  as  in  the  previous  case. 

From  the  experiments  of  Joule  we  know  that  during  such  a  change  of 
volume  there  is  neither  change  of  temperature  nor  work  performed  by  the  gas. 

But  the  gas  cannot.be  compressed  back  to  its  original  condition  without  an 
expenditure  of  work  and  production  of  heat.    The  process  is  not  reversible. 

If  the  gas  is  compressed,  its  disgregation  therefore  diminished,  we  must 
have  work  transformed  into  heat ;  but,  as  we  have  seen,  the  disgregation  may 
be  increa;3ed  without  an  equivalent  transformation  of  work  into  heat  or  heat 
into  work. 

If,  now,  we  call  the  transformation  of  work  into  heat  and  increase  of  dis- 
gregation positive,  and  the  change  of  heat  into  work  and  decrease  of  disgrega- 
tion negative  transformations,  we  see  that  decrease  of  disgregation,  that  is,  a 
negative  change,  cannot  occur  without  a  simultaneous  positive  transformation; 
but,  on  the  other  hand.  Increase  of  disgregation,  or  a  positive  change,  can 
sometimes  occur  without  a  negative  transformation. 

Let  us  consider  now  other  modes  of  transfonnation.  When  heat  is  trans- 
formed into  work  there  is  always  a  simultaneous  increase  of  disgregation,  or, 
as  in  the  cycle  processes  of  engines,  heat  passes  from  a  hot  to  a  colder  body. 
If  we  call  the  transfer  from  the  hot  to  the  cold  body  positive,  and  the  trans- 
formation of  heat  into  work  negative,  we  can  sav,  since  there  is  no  example  in 
which  this  negative  transformation  occurs  without  a  corresponding  positive 
one,  that  the  negative  transformation  of  heat  into  work  is  necessarily  connected ' 
with  a  simultaneous  positive  transformation. 

The  positive  change  of  work  into  heat  can,  however,  as  many  examples 
show,  occur  v^thout  a  corresponding  simultaneous  negative  transformation. 
Thus,  for  example,  in  friction,  resistance  of  air,  and,  in  short,  most  prejudicial 
resistances,  there  is  a  change  of  work  into  heat,  witlioat  simultaneous  changes 
of  disgregation,  transfer  of  heat  from  higher  to  lower  temperature,  etc.,  neces- 
sarilv  occurring.  • 

Here  also,  therefore,  negative  transformation  of  heat  into  work  cannot 
occur  without  a  simultaneous  positive  transformation,  but  positive  transforma- 
tion of  work  into  heat  can. 

The  thinl  mode  of  transformation  considered — ^viz.,  the  transfer  of  heat 
from  one  body  to  another,  or  the  change  of  a  quantitv  of  heat  O  at  the  tem- 
perature T,  into  the  quantity  Q  at  the  temperature  T  — also  confirms  this  law. 

As  is  known,  there  is  a  natural  tendency  of  heat  to  pass  from  a  warmer 
to  a  colder  body,  and  this  process  occurs  in  radiation  and  conduction  without 
simultaneously  giving  rise  to  another. 

On  the  other  hand,  a  process  opposed  to  this  natural  tendency  of  heat,  the 
transfer  of  heat  from  a  colder  to  a  warmer  body,  can  only  occur  when  there  is 
a  simultaneous  change  of  work  into  heat,*  or  an  increase  of  disgregation. f 

If  we  call,  as  already  indicated,  the  transfer  of  heat  from  hot  to  cold  body 

*  We  xnay  recall  the  example  on  page  15  of  a  steam  engine  compelled  by  an  outer  force  to 
nverse  its  orainary  action. 

t  As  lUiuBtration,  a  hot  gas  of  temperature  A*'  mast  be  compreeeed  by  the  expansion  of  a 
colder  solid  body  which  ia  heated  ttam  A  to  A\  when  both  A  and  A'  are  less  than  A", 
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Sositive,  and  fiom  cold  to  hot  negative,  we  maj  conclade  from  all  the  cases 
iacassed,  that 

Negative  transformaUons  can  only  occur  lolien  compensated  by  po8Uif>e,  but 
poHtive  may  occur  mthout  negative.  Uneompensaied  transformations  can  ^ere- 
fore  only  he  positive. 

This  principle  allows  of  an  interesting  natural  application.  We  have  seea 
that  there  is  a  general  tendency  in  natare  to  increase  of  disgregation,  to  trans- 
form work  into  heat,  and  to  level  heat  differences.  This  is  indeed  but  the 
result  of  the  principle  that  uncompensated  transformations  can  only  be  positive. 

This  tendency  is  denominated  the  "  dissipation  of  energy." 

The  case  of  a  natural  transformation  which  is  perfectly  reversible  is  a 
limiting  case  which  seldom  or  never  occurs.  It  is,  hence,  the  tendency  of  the 
positive  transformations  to  accumulate.  The  heat  of  a  body  which  can  no 
longer  be  transferred  to  a  colder  body  must  remain  heat,  and  can  serve  no 
longer  for  production  of  work,  can  no  longer  be  transformed  into  other  forms 
of  action. 

The  amount  of  this  untransformable  heat  must,  hence,  always  increase,  since 
it  is  continually  added  to  by  the  nncompensatcki  positive  transformations. 

The  consequence  is  that  the  world  tends  toward  a  final  condition  in  which 
all  its  forms  of  energy  will  be  transformed  into  heat  of  uniform  temperature, 
which  can  no  more  be  transformed. 

When  this  condition  is  attained  all  nature  will  be,  and  mast  remain,  dead. 

Thomson  has,  with  rare  acuteness,  drawn  the  boldest  consequences  from 
these  conclusions,*  and  expressed  them  as  follows  : 

'*  1.  There  is  in  nature  a  universal  tendency  to  the  dissipation  of  mechani- 
cal energy. 

"  2.  A  restoration  of  mechanical  energy  (negative  change)  without  more  than 
an  equivalent  of  dissipation,  is  impossible  by  inanimate  material  processes,  and 
will  probably  never  be  attained  by  orffanized  matter,  whether  endowed  with 
vegetable  life  or  with  consciousness  and  will. 

*'  3.  Within  a  finite  past  period  the  earth  must  have  been  uninhabitable,  and 
wilfhin  some  finite  future  period  the  earth  must  become  again  uninhabitable  for 
men,  beasts,  and  plants  as  now  constituted.  It  may  be  then  that  processes 
may  have  existed  or  will  exist,  which  are  contrary  to  those  natural  laws  which 
at  present  rule  the  world." 

The  boldness  and  scope  of  the  conclusions  drawn  bv  Thomson  from  the  sim- 
ple equations  which  express  the  second  law  of  thermo-dynamics,  must  challenge 
admiration. 

The  merit  of  the  first  discovery  of  these  equations,  however,  belongs  to 
Carnot  and  Clausius.  Carnot  discovered  the  second  law  in  its  essentials, 
though  the  form  in  which  he  expressed  it  was  incorrect,  since  he  proceeded 
from  the  false  assumption  of  the  indestructibility  of  heat. 

Later,  Clausiu^  so  modified  Carnot's  principle,  that  it  no  longer  contra- 
dicted the  first  law  and  the  principle  of  the  conservation  of  force,  and  ex- 
pressed it  in  correct  form.f  He  showed  that  it  followed  from  the  inherent 
tendency  of  heat  to  equalize  existing  temperature  differences. 

From  the  second  law,  however,  it  follows  that  transformation  of  heat  into 
work  can  never  occur  without  compensation  by  a  transfer  of  heat  from  a 
warmer  to  a  colder  body.  But  already,  at  that  time,  known  phenomena  taught 
that  heat  could  pass  from  a  warmer  to  a  colder  body  without  compensation,  and 
that  work  could  be  transformed  into  heat  without  compensation,  as  in  friction. 

Later,  Clausius  gave  in  another  fonn  its  most  general  expression  to  the 
law  which  we  have  already  expressed,  by  saying  that  uncompensated  changes 
can  only  be  positive.  J 

Clausius  denoted  the  algebraic  sum  of  all  those  changes  which  must  take 


*  Thomson,  Proceed,  of  the  Royal  Soc.  of  Edinburgh,  April,  1852,  and  Phil.  Mag.,  4  Series, 
vol.  iv..  p.  304,  "  On  a  Unlv<'n»al  Tendency  in  Natnre  to  the  Dl'»!«ipatlon  of  Mechanical  Enei^y.' 

+  Claus»ins,  Pos;g.  Ann.  Bd.  70, 185U.  Abhandlungen  Bd.  1,  p.  50.  "  Ucbcr  die  bewegcnde 
Krafr  der  Wftrine,"  etc. 

t  Clanslos, "  Ueber  denzweiten  Hauptsatz  der  mechanischen  W&rmethc  jric,*^  BrannachweiK, 
1867,  p.  17. 
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place,  in  order  to  bring  a  body  into  the  condition  in  which  it  is  at  present,  by 
the  name  "entropy." 

Since  now  the  sum  of  the  positive  changes  can  never  be  less  than  the  sum 
of  the  simultaneoos  negative  change,  bht  in  general  is  greater,  it  follows  that 
the  entropy  of  the  world  is  continually  increasing. 

Clausius  has  formulated  this  in  the  words—"  Die  Entropie  der  WeU  strebt 
cinem  maximum  tu" 

*'  Thb  Entboft  of  thb  wobld  tendb  towabd  a  MAZnnix." 
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CHAPTER  L 


GENEBATION  OF  HEAT  BY  MECHANICAL  WOBE  AND  THE  BEYEBSE. 
— ^DETEBMINATION  OF  THE  ICECHANICAL  EQUIVALENT  OF  HEAT 
BY  EXPEBIMENT* 

Hecxt  Oeneroited  by  MecJumiocd  Adioru — ^A  great  number  of 
tiie  phenomena  of  daily  life  prove  to  ns  that  heat  can  be  gen- 
erated by  mechanical  work.  If,  for  example,  we  strike  a  piece 
of  metal  repeatedly  with  a  hammer,  the  metal  becomes  heated. 
The  Uving  force  of  the  hammer,  which  is  here  destroyed  at 
every  stroke,  appears  thus  to  be  transformed  into  heat.  If  we 
rub  iwo  pieces  S  dry  wood  together  wiUi  sufficient  rapidity, 
and  during  a  sufficiently  long  time,  they  may  even  be  set  on 
fire.  Here,  again,  we  have  heat  generated  by  mechanical  work. 
Especially  well  known  is  the  generation  of  heat  by  axle  fric- 
tion when  the  axle  is  not  well  lubricated.  Here,  again,  the 
work  necessary  for  overcoming  the  friction  generates  heat. 

These  and  many  other  facts  have  led  to  the  question  whether 
mechanical  work  and  heat  are  not  equivalent,  or,  in  other 
words,  whether  by  the  expenditure  of  a  certain  amount  of 
work  we  can  generate  a  certain  fixed  quantity  of  heat. 

Approodmate  Dderminatum  of  the  Heat  Oeneraied  by  Frio- 
twru — Count  Bumford  seems  to  have  been  the  first  to  en- 
deavor to  answer  this  question  by  experiment,  and,  indeed, 
seems  to  have  been  among  the  first  to  express  the  idea  that 
heat  is  nothing  more  than  a  motion  of  the  molecules  of  a  body. 

In  the  foundry  at  Munich,  of  which  he  was  the  superintend- 
ent, he  caused  a  blunt  drill,  of  about  10,000  pounds  in  weight, 
set  in  motion  by  horses,  to  work  upon  the  bottom  of  a  cannon. 
The  cannon  was  inclosed  in  a  wooden  box  containing  26.6 
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pounds  of  water.  At  the  end  of  2}  hours  the  water  was  heated 
from  0°  to  100°,  or  was  caused  to  boiL 

Although  he  made  use  of  two  horses  for  the  experiment,  he 
was  of  the  opinion  that  the  work  could  have  been  performed  by 
one.  Hence  the  mechanical  work  of  one  horse  for  2}  hours 
sufficed  to  heat  26.6  pounds  of  water  through  lOO"". 

Since,  now,  one  horse  can  raise  in  one  hour  1,980,000  pounds 
one  foot  high,  or  can  perform  a  mechanical  work  of  1,980,000 
foot  lbs.;  in  2i  hours  it  would  perform  1,980,000  x  2t  =  4^950,- 
000  foot  lbs.  This  work  heats  26.6  lbs.  of  water  through  100^ 
or  2,660  lbs.  through  1"".  Therefore,  to  heat  one  pound  of 
water  one  degree  requires 

4950,000      1  TO1  /    I  ii> 

Let  us  reduce  this  result  to  French  measures,  which  are 
almost  universally  used  now  in  science,  and  which  we  shall 
always  use  hereafter  unless  the  contrary  is  specially  stated. 

One  pound  equals  0.4536  kilogram,  and  one  foot  equals 
0.3048  meter ;  hence  1  foot  lb.  =  0.4536  x  0.3048  =  0.13826  me- 
ter-kilograms, and  1,721  foot  lbs.  =  1,721  x  0.13826  =  237.945 
meter-kilograms. 

This  result  is  evidently  too  large,*  as  we  have  taken  no  ac- 
count of  the  heat  lost  by  radiation  and  conduction.  Thus  it  is 
plain  that  by  the  same  mechanical  work  we  could  have  heated 
a  greater  quantity  of  water,  or  that  for  the  same  amount  of 
water  less  work  would  have  been  necessary  if  all  the  heat  gen- 
erated had  gone  to  raise  the  temperature. 

Experim&nJt  of  Davy, — After  Bumford  we  find  Sir  Humphry 
Davy  announcing  clearly  that  heat  is  not  a  matter  transmitted 
from  one  body  to  another,  as  was  held  by  most  physicists ;  but 
that  it  consisted,  most  probably,  in  a  rapid  motion  of  the  par- 
ticles of  a  body. 

He  showed  that  two  pieces  of  ice,  when  rubbed  together,  were 
converted  into  water,  although  no  heat  was  imparted  to  them 
by  exterior  bodies.    But  we  know  that  ice  requires  for  melting 

*  [Note  that  this  resnlt  corresponde  to  one  pound  of  water  heated  one  d^ree.  One  IdUogram, 
or  SJi  lbs.,  will  reqnire  2.S  aa  mach  work,  or  conaidenbly  more  than  484  meter-kllograma.] 
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a  large  amount  of  heat ;  for  instanoe,  to  convert  one  pound  of 
ice  at  0""  into  water  at  0"*  requires  no  less  heat  than  to  raise  the 
same  quantity  of  water  from  0^  to  about  SO"".  This  considera- 
ble amount  of  heat  must  therefore,  in  the  above  experiment, 
have  been  generated  by  the  friction  of  the  pieces  of  ice,  and 
hence  Davy  concluded  that  heat  must  be  a  kind  of  motion. 

In  order  to  confirm  still  further  the  truth  of  this  view,  he 
made  the  following  experiment :  He  placed  under  the  receiver 
of  an  air-pump  a  clock-work,  resting  upon  a  piece  of  ice,  in 
the  upper  surface  of  which  there  was  a  cavity  filled  with  water. 
The  clock-work  caused  a  toothed  wheel  to  rub  against  a  sur- 
face of  metal  coated  with  wax.  After  the  exhaustion  of  the 
air  the  clock-work  was  set  in  motion,  and  the  wax  was  melted, 
while  the  water  in  the  ice  cavity  remained  fluid.  The  melting 
of  the  wax,  therefore,  was  not  due  to  heat  obtained  from  the 
water  nor  from  the  clock-work ;  lor,  in  the  first  case,  the  water 
would  have  been  at  least  partially  frozen,  and  in  the  other, 
heat  would  have  been  imparted  also  to  the  ice,  and  a  por- 
tion of  it  melted. 

Mayer y  the  Fmmier  of  the  Theory, — Although  the  savans 
just  mentioned  were  of  the  opinion  that  heat  must  be  a  kind 
of  motion,  and  that  a  definite  expenditure  of  work  must  gener- 
ate an  equivalent  amount  of  heat,  to  Dr.  Mayer  of  Heilbronn 
belongs  the  credit  of  not  only  stating  clearly  and  definitely  the 
principle  of  the  equivalence  of  work  and  heat,  but  also  of 
deducing  a  number  of  conclusions  from  it,  so  that  he  may  be 
regarded  as  the  founder  of  the  mechanical  theory  of  heat 

He  claims  in  his  treatises  that  any  natural  force,  as  light 
or  heat,  cannot  be  destroyed,  either  in  whole  or  in  part,  any 
more  than  matter  itself.  That  what  appears  to  us  to  be 
destruction  is  nothing  more  than  a  transformation.  He  shows 
that  the  heat  received  from  the  sun  by  a  plant  enables  it  to 
extract  its  nourishment  from  the  air  and  earth — ^to  give  out 
oxygen  and  absorb  hydrogen  and  carbon — and  that  this  ab- 
sorbed hydrogen  and  carbon  can  furnish  again  the  same  quan- 
tity of  heat  received  by  the  plani  That  just  as  these  elements 
furnished  heat  by  ordhiary.  combustion,  so  they  generated  heat 
in  animal  organisms,  and  enabled  them  to  perform  work,  to 
carry  loads,  etc.    He  points  out  that  the  carbon,  or,  in  other 
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words,  the  food,  which  an  animal  constunes  is  proportional  to 
the  work  it  performs — ^that  an  increase  of  work  raises  the  tem- 
perature or  necessitates  an  increase  of  nourishment. 

Thus  he  computes  the  consumption  of  carbon  by  a  man  in 
climbing  a  mountain  10,000  feet  high,  and  puts  it  at  0.155  lb& 
That  is,  the  heat  furnished  by  the  combustion  of  0.155  lbs.  of 
carbon  corresponds  to  the  mechanical  effect  of  raising  the  man 
10,000  feet  Further,  he  determined  by  the  agitation  of  water 
in  a  vessel  the  work  necessary  to  raise  one  kilogram  of  water 
one  degree,  and  obtained  365  meter-kilograms,  which  is  thus 
considerably  less  than  the  result  obtained  by  Bumford. 

Exact  DetermincUion  of  the  Mechanical  Equivdl&nJt  of  TleaJt  by 
Jovie  in  Manchester. — ^Although  the  equivalence  between  work 
and  heat  was  clearly  expressed  and  proved  by  Mayer,  still 
there  was  wanting  an  exact  determination  of  the  amount  of 
work  necessary  in  order  to  heat  one  pound  or  one  kilogram  of 
water  one  degree.  Neither  the  result  of  Bumford  nor  that  of 
Mayer  can  lay  claim  to  great  accuracy.  Accordingly,  the  Eng- 
lish physicist,  Joule,  undertook  a  large  number  of  very  careful 
experiments,  in  order  to  determine  this  number  as  exaotiy  as 
possible.  He  adopted  different  methods.  He  caused  an  iron 
paddle-wheel,  set  in  motion  by  appropriate  cords  and  weights, 
to  revolve  in  a  vessel  filled  with  water,  and  by  means  of  a  very 
accurate  thermometer  observed  the  increase  of  temperature 
of  the  water  when  the  weights  had  fallen  through  a  certain 
distance.  Then  he  took  other  liquids,  as  mercury,  oil,  etc., 
and  found  for  these  also  the  increase  of  temperature  for  a  cer- 
tain expenditure  of  work.  He  also  caused  two  cast-iron  plates, 
immersed  in  water,  to  rub  one  against  the  other,  and  compared 
here  also  the  rise  of  temperature  with  the  work  expended. 
In  another  series  of  experiments  he  forced  water  through  cap- 
illary tubes,  and  determined  the  rise  of  temperature  and  the 
work  expended.  Finally,  he  determined  the  increase  of  tem- 
perature when  air  is  compressed  in  a  receiver. 

From  all  these  experiments  he  found  that  by  the  expendi- 
ture of  a  certain  amount  of  work  an  equivalent  amount  of  heat 
was  generated,  entirely  independent,  of  the  nature  of  the  sub- 
stances experimented  upon. 

After  seven  years  spent  in  study  of  the  subject,  he  under- 
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took,  in  1849,  another  large  series  of  experiments,  in  which  he 
availed  himself  of  all  the  precautions  which  his  long  expe- 
rience had  made  familiar.  He  thus  found  for  the  work  neces- 
sary to  raise  one  pound  of  water  one  degree  Fahrenheit,  the 
following  results : 

772.692  foot  lbs.  for  friction  with  water — mean  of  40  experi- 
ments. 

774083  foot  lbs.  for  friction  with  mercury — mean  of  50  ex- 
periments. 

774987  foot  lbs.  for  friction  with  cast-iron — mean  of  20  ex- 
periments. 

When  we  consider  the  difficulties  attending  such  experi- 
ments, and  the  care  and  labor  required  for  the  exact  determina- 
tion of  the  work  and  temperature,  the  coincidence  of  these  re- 
sxdts  is  most  remarkable.  These  experiments  belong,  in  fact, 
to  the  most  memorable  in  the  domain  of  physics,  and  entitle 
Joule  to  a  prominent  place  in  the  history  of  the  mechanical 
theory  of  heat. 

Of  all  these  results.  Joule  considered  those  given  by  water 
as  the  most  reliable.  After  making  several  necessary  correc- 
tions, he  gave  the  equivalent  as  772  foot  lbs.  for  1°  Fahr.,  or 
772  X  I  —  1389.6  foot  lbs.  necessary  to  raise  one  pofwnd  of  water 
V  Centigrade. 

Hence,  the  work  necessary  to  raise  on£.  Mbgram  of  water 
one  degree  C.  is  1389.6  x  0.3048  =  423.55  meter-kilograms. 

We  shall  hereafter  arrive  by  entirely  different  considera- 
tions at  almost  exactly  the  same  result,  so  that  we  may  regard 
it  as  settled  that  for  the  generation  of  one  heat  unit  *  a  work 
expenditure  of  423.55,  or,  in  round  numbers,  of  424  meter-kilo- 
grams is  necessary.  We  call  this  work  the  "  MECHAmcAL  equiv- 
alent OF  HEAT." 

Inversely,  by  the  expenditure  of  one  unit  of  work  we  can 
generate  only  rt^th  of  a  heat  unit,  and  this  number  we  may  call 
the  "  thermal  equivalent  of  vxyrh*^ 

Since  one  horse-power  (French)  represents  75  meter-kilo- 
grams in  one  second,  we  have  W  =  5.66  horse-power  necessary 
to  raise  one  kilogram  of  water  one  degree  in  one  second. 

*  The  term  "heatnnit"  is  neually  nsed  to  denote  that  qnautity  of  heat  required  to  raise 
cne  pound  of  water  one  degree  Fahrenheit,  and  the  term  "  Calorie  "  Is  employed  to  denote  that 
quantity  of  heat  reqninsd  to  raise  one  kUogmm  of  water  one  degree  Centigrade.  As  wo  use 
thronghont  this  work  French  aniU,  the  term  "  heat  nnlt,"  unless  otherwise  stated  in  the  text, 
must  he  understood  as  meanhig  the  French  heat  unit,  or  ccUarU. 
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EXAMPLE. 

Required  to  raise  2  kilograms  of  water  in  20  minutes  from  0°  to  100**,  what 
expenditure  of  work  per  second  is  necessary  ? 

Tlie  2  kilograms  require  100  x  2  =  200  heat  units,  or  a  work  of  424  x  200  = 
84^00  meter-kilograms.  Since  this  work  is  to  be  performed  in  20  minutes,  or 
1,200  seconds,  the  necessary  work  per  second  is  V2W  =  70.66  meter-kilograms 
per  second,  or  nearly  one  horse-power  (French).  (One  French  horse-iK)wer,  or 
75  meter-kilograms  per  second,  is  about  542.5  foot  lbs.  per  second,  or  somewhat 
less  than  an  English  horse-power,  which  is  550  foot  lbs.  per  second.) 

Hirn*8  Determination  of  the  Mechanical  Uquivalent. — ^Him,  a  civil 
engineer  at  Colmar,  has  made  a  careful  and  difficult  determina- 
tion of  the  mechanical  equivalent  of  heat  He  adopted  a  differ- 
ent method  from  Joule,  and  attempted  to  determine  the  heat 
set  free  by  the  impact  of  inelastic  bodies. 

Two  heavy  blocks,  one  of  wood  the  other  of  iron,  were  sus- 
pended like  pendulums.  The  wooden  block  had  an  iron  plate 
upon  the  side  in  contact  with  the  other.  The  iron  block  was 
now  raised  a  certain  height,  and  a  hollow  lead  cylinder  placed 
upon  the  iron  plate,  which  was  struck  by  the  descending  iron 
block,  and  thus  compressed  and  heated. 

From  the  weight  of  the  iron  block,  and  the  height  through 
which  it  fell.  Him  calculated  its  living  force,  or  mechanical 
effect  Moreover,  the  height  to  which  the  wood  block  was 
driven  by  the  shock,  as  well  as  that  to  which  the  iron  block 
rebounded,  gave  the  work  remaining  in  the  masses  after  impact 
Now,  directly  after  the  shock,  the  lead  cylinder  was  filled  with 
water,  and  the  increase  of  temperature  of  the  water  determined. 
After  skillfully  determining  the  work  expended  in  the  compres- 
sion of  the  lead  cylinder,  it  was  easy  to  calculate  the  work  ex- 
pended in  the  heating.  The  mean  of  various  determinations 
gave  425  meter-kilograms,  or  the  same,  almost,  as  given  by  Joule. 

Performance  of  Mechanical  Work  hy  Heat. — ^In  the  preceding 
we  have  sebn  that  heat  is  generated  by  work,  or,  generally,  that 
when  heat  appears  work  disappears,  and  that  by  a  certain  ex- 
penditure of  work  we  can  always  generate  a  certain  amount  of 
heat.  The  question  now  arises.  Can  we  generate  mechanical 
work  by  heat,  or  does  an  equivalent  amount  of  heat  always  dis- 
appear when  work  appears?  We  have,  at  once,  in  the  expan- 
sion of  solid  bodies,  a  most  striking  proof  of  the  performance 
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of  work  by  heat  Upon  the  surface  of  bodies  we  have  the  air 
pressure  of  about  10,334  kilograms  per  square  meter  (15  lbs. 
per  sq.  inch),  and  this  pressure  is  overcome  through  a  certain 
distance  during  the  expansion  of  the  body.  Since,  however, 
when  we  heat  a  body,  its  temperature  also  rises,  it  is  difficult 
to  determine  how  much  of  the  heat  imparted  goes  to  overcome 
this  pressure,  and  how  much  contributes  to  the  rise  of  tempera- 
ture. It  is,  therefore,  difficult  to  determine  from  the  expansion 
of  solid  bodies  the  relation  which  exists  between  the  heat  im- 
parted and  the,  mechanical  work  obtained. 

The  gaseous  bodies  afford  the  easiest  proof  of  the  generation 
of  work  by  heat,  or  of  the  disappearance  of  heat  when  work  is 
obtained.  If,  for  example,  we  allow  compressed  air  to  issue 
from  a  receiver,  there  is  a  decrease  of  temperature,  sometimes 
so  great  that  drops  of  water  near  the  orifice  may  be  frozen. 
The  work  of  the  air  is  here  the  overcoming  of  the  outside  air 
pressure  as  it  expands. 

Joule  found,  by  similar  experiments,  a  work  performed  of  820 
foot  lbs.  for  every  degree  Fahr.  through  which  the  air  was 
cooled.  This  corresponds  to  |  x  820  x  0.3048  =  448.88  meter- 
kilograms  for  every  degree  C,  or  somewhat  greater  than  abeady 
found.  The  method  of  determination,  however,  is  less  exact, 
and  the'  discrepancy  was  to  be  expected. 

During  the  expansion  of  ordinary  atmospheric  air,  also,  heat 
disappears.  If  we  assume  air  of  atmospheric  pressure  under 
the  piston  EF  in  the  cylinder  ABCD,  Fig.  8,  and     .  -^ 

if  there  is^  a  vacuuip  above  it,  the  piston,  if  not 
held  fast,  will  rise,  while  the  temperature  of  the 
air  will  sink.  The  heat  which  thus  disappears 
is  the  equivalent  of  the  work  done  in  raising  the 
weight  of  the  piston  through  the  distance  trav- 
ersed. 

Although,  now,  heat  thus  disappears  when 
work  is  done  by  the  air,  as  when  it  rushes  into 
the  atmosphere  or  raises  a  weight,  we  should  not 
expect  to  find  any  such  disappearance  when  the 
air  expands  in  a  vacuum,  because  in  such  case  no 
work  is  performed.  This  point,  also.  Joule  has  experimen- 
tally investigated.* 

*  See,  alsOf  page  23  of  Indrodaction. 
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He  made  use  of  two  copper  vessels  connected  by  a  pipe. 
Both  were  placed  in  a  vessel  of  water,  the  temperature  of  which 
was  determined  directly  before  and  after  the  experiment.  Con- 
nection being  closed,  the  air  was  compressed  to  22  atmospheres 
in  one  vessel,  and  was  exhausted  from  the  other.  The  cock 
was  then  turned,  and  the  compressed  air  rushed  into  the  empty 
vessel  until  the  pressure  was  the  same  in  both.  There  was 
found  to  be  neither  a  rise  nor  fall  of  temperature  while  the 
transfer  took  place,  the  temperature  of  the  water  in  which  the 
vessels  were  immersed  remaining  the  same  both  before  and 
after  the  experiment. 

We  may  explain  this  as  follows :  As  soon  as  a  part  of  the 
air  has  passed  from  one  vessel  into  the  other,  the  air  continu- 
ing to  enter  must,  to  be  sure,  perform  work  in  compressing  the 
air  already  there.  There  must  be,  therefore,  in  the  vessel  from 
which  the  air  flows,  a  decrease  of  temperature,  but  in  the  other, 
where  the  air  is  being  compressed,  an  increase  of  temperature 
precisely  equal,  so  that,  on  the  whole,  heat  is  neither  lost  nor 
gained. 

That  this  is  actually  the  true  explanation  was  proved  by 
inclosing  the  vessels  in  two  separate  cisterns,  and  observing 
the  temperature  of  each,  both  before  and  after  the  experiment 

It  is  therefore  proved,  at  least  for  air,  that  when  heat  dis- 
appears work  is  gained ;  there  is  also  no  room  for  doubt  that 
for  every  unit  of  heat  disappearing,  the  same  mechanical  work 
is  gained  which  we  have  already  found  to  be  necessary  for  the 
generation  of  one  unit  of  heat,  even  although  Joule  found  for 
each  disappearing  heat  unit  a  somewhat  greater  work.  One 
heat  unit  is  therefore  equivalent  to  a  mechanical  work  of  424 
meter-kilograms. 

But  Him  has  proved  the  correctness  of  this  principle  for 
steam  also,  by  means  of  the  steam  engine.  In  fact,  this  machine 
shows  us  at  once  how  heat  can  be  transformed  into  work,  and 
it  was  this  especially  which  early  led  physicists  to  the  conclu- 
sion that  there  must  be  a  certain  equivalence  between  heat  and 
mechanical  work. 

Him  determined  first  the  temperature  and  tension  of  the 
steam  in  the  boiler  and  the  steam  consumption  per  stroke.  He 
was  thus  able  to  determine  the  number  of  heat  units  carried 
per  stroke  to  the  cylinder.    Then  he  observed  the  temperature 
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and  quantity  of  the  condensing  water  used  for  each  stroke,  as 
well  as  the  temperature  of  this  water  after  the  condensation 
of  the  steam.  He  was  thus  able  to  determine  the  loss  of  heat 
experienced  by  the  steam  during  its  action  in  the  cylinder,  as 
well  as  that  due  to  the  resistances  in  the  steam  pipe,  in  the 
yalve  box,  and  in  the  exhaust  pipe.  Finally,  he  endeavored  to 
estimate  the  loss  of  heat  due  to  conduction  and  radiation  be- 
tween the  boiler  and  the  condenser.  He  then  determined  the 
mechanical  work  imparted  to  the  fly-wheel,  and  also,  as  accu- 
rately as  possible,  the  work  absorbed  by  the  prejudicial  resist- 
ances, such  as  the  friction  of  the  piston,  the  slide  valve,  etc. 
He  was  thus  able  to  calcidate  the  work  for  each  unit  of  heat 
disappearing  in  the  cylinder.  He  found  as  a  mean  of  many 
determinations  413  meter-kilograms,  a  number  which  agrees 
quite  closely  with  Joule's  results,  especially  when  we  con- 
sider the  very  great  difficidties  which  Him  had  to  contend 
with. 

Still  another  apparatus  affords  us  clear  proof  that  heat  can 
be  transformed  into  mechanical  work,  viz.,  the  Gifford  injector 
—  on  apparatus  which  has  for  several  years  been  used  for 
furnishing  feed  water  to  locomotives  and  stationary  engines. 
In  this  contrivance  a  pipe  leads  from  the  steam  space  in  the 
boiler  to  the  water  space.  This  pipe  joins  another  at  a  suitable 
place,  which  brings  the  feed  water.  The  steam  flows  toward 
the  water  space  and  forces  the  air  with  it.  A  partial  vacuum 
is  thus  caused  in  the  feed-water  pipe,  and  the  water  rises  in  it 
until  it  meets  the  steam  current.  By  this  it  is  carried  along 
with  great  velocity  and  forced  into  the  boiler. 

Since,  now,  the  water  in  the  boiler  is  acted  upon  by  the 
steam  pressure,  it  is  not  at  once  evident  how  it  can  be  possible 
that  the  steam  flows  round  toward  the  water,  instead  of  the 
water  being  forced  into  the  steam  space.  When  we  remember, 
however,  that  the  steam  contains  a  large  amount  of  latent  heat, 
which  the  water  does  not  possess,  or,  in  other  words,  that  the 
work  inherent  in  the  steam  is  greater  than  that  in  the  water, 
we  can  easily  understand  the  possibility  of  the  action. 

When  the  steam  comes  in  contact  with  the  cold  feed  water, 
a  part  of  the  latent  heat  goes  to  heat  the  water,  but  another 
part  is  transformed  into  mechanical  work,  and  this  it  is  which 
forces  the  water  into  the  boiler. 
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QUESTIONS  FOB  EXAMINATION. 

Give  instances  of  heat  generated  by  mechanical  action.  What  conclnslon  do  snch  instances 
point  to  ?  Describe  experiments  which  test  this  conclusion.  What  did  Count  Romford  con- 
elude  ?  What  chances  for  error  were  there  in  his  experiment  ?  Describe  Davy*s  experimenL 
What  precautions  did  he  take  against  possible  objections  ?  Do  you  regard  his  experiment  aa 
conclusive  ?  Why  f  What  was  the  part  played  by  Mayer  ai  regards  the  theory  ?  In  what 
respect  was  it  different  from  that  of  Rnmf ord  and  Davy  f  What  conclusions  did  he  dednce  from 
his  views  ?  Who  first  made  an  exact  determination  of  the  mechanical  equivalent  ?  Describe 
some  of  the  methods  he  employed.  How  long  did  he  devote  himself  to  the  subject  r  What  did 
he  consider  on  the  whole  the  most  exact  result  f  Define  precisely  what  yon  understind  by  the 
"  mechanical  equivalent  of  heat."  Illustrate.  What  is  a  "  foot-pound  ? ''  What  is  a  **  horse- 
power ?  '^  What  are  the  equivalent  French  units  of  measurement  f  What  is  a  meter-kilogram  f 
What  constitutes  a  French  horse-power  ?  How  does  it  differ  from  the  English  ?  What  system 
is  used  in  this  work  f  Define  exactly  what  you  understand  by  a  "  heat  unit."  What  do  yon 
understand  by  "  calorie  ?  "  Do  we  use  the  term  calorie  in  this  book  f  Why  not  ?  What  is  tlie 
mechanical  equivalent  in  foot-pounds  for  Fahrenheit  scale  ?  What  for  Centigrade  scale  ?  What 
is  it  in  French  measure  f  Show  how  to  reduce  one  to  the  other.  Define  exactly  what  yon 
understand  by  "  thermal  equivalent  of  work."    Illustrate. 

What  work  is  necessary  to  raise  2  kilograms  of  water  from  0*>  to  100°  C.  ?  What  horse-power 
(French)  is  required  to  perform  this  work  in  20  minutes  ?  What  work  is  necessary  to  raise  2 
pounds  of  water  from  0°  to  VXP  C.  f  From  (P  to  100"  F.  ?  What  horse-power  is  required  in  each 
case  to  perform  these  works  in  20  minutes  ?  How  do  you  reduce  Centigrade  decrees  to  Fahren- 
heit, and  vice  venaf  Define  "work."  What  other  term  is  sometimes  employed?  What 
methods  did  Him  employ  in  order  to  determine  the  mechanical  equivalent  f  Did  it  confirm  the 
result  obtained  by  Joule  i  Is  the  mechanical  equivalent  constant  ?  Were  it  to  vary,  what  impos- 
sible result  could  you  logically  deduce  ?  (See  IrUroduction.)  Deduce  this  consequence.  (Jntr.) 
Is  perpetual  motion  possible  ?  Why  not  i  ilrUr.)  Are  you  fully  satisfied  of  this  impossibility? 
{Intr.,  Notee.)    Can  any  scheme  for  attaining  it  rightfully  claim  attention  f   Why  not  f 

Give  instances  of  mechanical  work  performed  by  heat.  Describe  Joule^s  experiments  in  this 
direction.  When  air  expands  why  does  its  temperature  fall  ?  When  it  expands  into  a  vacuum 
does  its  temperature  fall  ?  Why  not  ?  Describe  Joule's  experiment  here.  Under  what  circum- 
stances does  the  temperature  remain  constant  in  this  experiment  ?  Under  what  does  it  vary  ?  Is 
this  in  full  accord  with  our  principle  i 

Who  first  proved  this  principle  for  ste^m  ?  How  was  it  done  ?  What  sources  of  error  roust 
be  guarded  against  ?  Enumerate  In  order  the  principal  steps  of  the  experiment.  Does  this 
experiment  afford  additional  proof  of  the  correctness  of  our  principle  i  What  other  apparatus 
illustrates  it  ?  Explain  the  secret  of  its  action.  Are  you  convinced  that  our  principle  is  the 
expression  of  a  natural  law  ?  What  do  you  understand  by  a  "  natural  law  1 "  State  concisely 
the  law  of  equivalence  of  heat  and  work.  What  do  you  understand  by  "  equivalence  ?"  Are 
things  equivalent  necessarily  identical  ?  Is  our  numerical  determination  exact  ?  If  not,  would 
that  affect  your  belief  in  the  truth  of  the  law  ?  Why  f  What  did  Davy  and  Rumford  suspect 
**  heat "  to  consist  of  ?  What  do  you  understand  by  "  work  ?  "  If  their  suspicions  were  correct, 
how  would  **heat"  differ  from  "  work  f "  Does  the  proof  or  truth  of  our  principle  rest  npon 
any  such  hypothesis  ?  Does  it  rest  upon  any  hypothesis  t  Are  you  firmly  conviiioed  of  its  gene^ 
ality  and  tmth  ? 


C3HAPTER  n. 

HTJAT  A  KIND  OF  KOnON. 

From  what  has  been  said,  we  may  regard  it  as  settled  that 
with  a  certain  amount  of  mechanical  work  we  can  always  gen- 
erate a  certain  amount  of  heat,  and  inversely,  that  with  a  cer- 
tain amount  of  heat  a  definite  amount  of  mechanical  work  can 
be  produced ;  that  the  amount  of  heat  which  can  raise  the  tem- 
perature of  one  kilogram  of  water  one  degree  is  equivalent  to 
a  mechanical  work  of  424  meter-kilograms,  and  that,  inversely, 
by  the  expenditure  of  this  work  one  kilogram  of  water  can  be 
heated  one  degree. 

If,  now,  such  an  equivalence  exists  between  heat  and  mechan- 
ical work,  we  are  compelled  to  assume  that  heat  is  properly 
nothing  else  than  mechanical  work  in  another  form.  And. since 
heat  is  possessed  by  bodies,  since  it  can  enter  from  without 
into  bodies,  we  must  expect  to  find  here  something  similar  or 
equivalent  to  mechanical  work.  We  must  therefore  assume 
that  either  the  atoms  of  a  body,  or  the  molecules  or  groups  of 
atoms,  or  that  some  other  substance  between  the  atoms  is  set 
into  some  sort  of  motion.  Such  a  substance  is  the  e^Aer,  which 
is  universally  regarded  as  the  medium  for  the  transmission  of 
light 

One  theory,  applicable  to  gaseous  bodies,  was  first  pro- 
pounded by  Daniel  Bernoulli.  This  was  further  developed  by 
Kronig  and  Clausius,  and  applied  to  solid  and  liquid  bodies 
also.    It  numbers  at  present  the  most  adherents. 

Another  theory,  .which  was  at  an  earlier  period  the  most 
widely  accepted,  is  due  especially  to  Poisson  and  Cauchy,  and 
was  developed  principally  by  Bedtenbacher. 

Redtejibacher^a  Theory. — ^According  to  Bedtenbaoher  the  body 
atoms  attract  each  other,  while  between  the  ether  atoms  there 
is  a  mutual  repulsion.     The  body  atoms  are  incomparably 
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larger  than  the  ether  atoms^  and  these  last  have  inertia,  but 
are  not  affected  by  gravity. 

In  consequence  of  these  properties  each  body  atom  is  sur- 
rounded with  an  envelope  of  ether  atoms.  In  proximity  to  the 
atom  this  envelope  has  its  greatest  density,  which  diminishes 
with  thei  distance  from  the  center.  Thus  the  ether  surrounds 
each  atom  just  as  the  atmosphere  surrounds  the  earth,  pro- 
vided that  the  atoms  are  round.  An  atom  with  its  envelope 
Bedtenbacher  calls  a  *' dynamide,^*  Between  every  two  dyna- 
mides  there  is  a  space  incomparably  greater  than  the  dynamide. 

The  heat  of  a  body  consists  now  in  a  pulsating  motion  of  the 
ether  envelopes.  It  is  assumed  that  each  ether  atom  vibrates 
in  the  direction  of  the  radius  of  the  dynamide.  The  quicker 
and  stronger  the  pulsations  of  the  envelope,  so  much  the  hotter 
is  the  body. 

If  the  attraction  of  the  body  atoms  is  equal  to  the  repulsion 
of  the  ether  envelopes,  the  body  is  either  solid  or  liquid.  I^ 
on  the  other  hand,  the  repulsive  force  of  the  latter  is  greater 
than  the  attractive  force  of  the  former,  the  body  is  gaseous. 

In  the  solid  state  the  body  atoms  are  generally  closer  to- 
gether than  in  the  liquid;  their  mutual  attractions  are  greater, 
the  ether  envelopes  are  denser,  and  their  atoms  vibrate  through 
shorter  distances.  Displacement  of  the  particles  is  thus  dif- 
ficult. A  complete  union  of  the  atoms,  however,  cannot  occur, 
for  the  nearer  the  atoms  approach,  the  greater  is  the  repulsion 
of  the  ether  envelopes,  until  finally  there  is  again  equilibrium 
between  attraction  and  repulsion. 

As  now  the  ether  envelopes  of  a  solid  body  pulsate  faster 
and  stronger,  or  as  the  body  becomes  warmer,  the  body  atoms 
recede  from  each  other,  their  attraction  becomes  less,  until 
finally  ever  so  small  a  force  can  displace  the  particles.  The 
body  is  then  liquid. 

When  the  ether  envelopes  no  longer  pulsate,  that  is,  when 
there  is  no  motion  within  the  body,  the  body  possesses  no 
heat — ^it  is  then  abadvtdy  cold.  We  shall  soon  see  to  what 
degree  of  the  thermometer  this  *'  absolute  zero  "  of  temperature 
corresponds. 

« 

Other  Views  as  to  the  Nature  of  Heat. — ^The  other  view  as  to  the 
nature  of  heat  starts  also  with  the  assumption  that  the  atoms, 
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or  groups  of  atoms,  the  so-called  molecules,  are  set  into  vibra- 
tory motion.  This  yiew,  as  already  indicated,  was  indorsed  by 
the  famous  English  chemist  Sir  Humphry  Davy.  He  says,  in 
his  treatise  upon  heat  and  light,  that  heat,  or  that  force  which 
prevents  the  direct  contact  of  the  body  atoms,  and  gives  rise  to 
the  sensations  of  heat  and  cold,  may  be  defined  as  a  special, 
and,  in  all  probability,  vibrating  motion  of  the  body  atoms 
which  tends  to  separate  them.  This  may  be  called  a  repulsive 
action.  Since  there  is  also  an  attractive  force,  we  may  con- 
ceive the  body  atoms  as  acted  upon  by  two  opposite  forces, 
that  of  attraction  and  that  of  repulsion.  The  first  of  these 
forces  is  the  combined  action  of  cohesion,  which  strives  to  hold 
the  atoms  in  contact ;  of  gravity,  which  tends  to  collect  them 
into  masses,  and  of  the  pressure  exerted  by  exterior  bodies. 
The  second  of  these  forces  is  due  to  a  certain  vibrating  motion 
which  tends  to  keep  them  apart,  and  which  may  be  generated, 
or  rather  increased,  by  friction  or  impact  The  action  of  cohe- 
sion, in  causing  the  body  atoms  to  approach,  is  precisely  similar 
to  the  attraction  of  gravitation  upon  the  large  masses  of  the 
universe,  and  the  repulsive  force,  to  the  centrifugal  force  of  the 
planets.  In  his  "Chemical  Philosophy"  also,  Davy  says  that 
all  the  phenomena  of  heat  can  be  explained  by  assuming  that 
in  solid  bodies  the  atoms  are  in  a  permanent  condition  of  vibra- 
tory motion,  and  that  these  vibrations  become  more  rapid  and 
larger  as  the  temperature  increases.  In  liquid  and  gaseous 
bodies  we  must  assume  that  the  atoms,  besides  their  vibratory 
motion,  have  also  a  motion  around  their  axes,  and  that  both 
these  motions  are  greatest  in  gaseous  bodies. 

According  to  Olausius,  who  has  contributed  much  to  the 
development  of  the  mechanical  theory  of  heat,  it  is  less  the 
atoms  themselves  than  the  groups  of  atoms,  or  the  molecules, 
which  are  in  motion.  The  manner  in  which  the  atoms  combine 
to  form  a  molecule,  and  the  form  of  the  same,  determine  the 
properties  of  the  body.  Hence  it  may  happen  that  the  same 
simple  bodies  or  elements  possess  now  these,  now  those  prop- 
erties, and  thus  we  may  haye  the  so-called  allotropic  condi- 
tion. It  is  evident  that  in  chemically  compound  bodies  also 
there  may  be  such  a  various  grouping  of  atoms ;  indeed,  in  such 
case  the  variety  of  grouping  can  be  even  greater. 

While  now,  in  solid  bodies,  there  is  in  all  probability  a  vibrat- 
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ing  motion  of  the  molecules,  we  are  obliged  to  assume  in  liquids 
a  rotating  motion  also,  since  in  such  bodies  a  molecule  easily 
separates  from  its  neighbors. 

The  vaporization  of  liquids,  according  to  this  view,  may  be 
explained  as  follows : 

As  heat  is  imparted  to  a  liquid  so  that  the  velocity  of  vibra- 
tion becomes  greater  and  greater,  and  the  force  of  cohesion 
ever  less  and  less,  the  molecules  finally  break  loose  and  move, 
like  the  particles  of  gaseous  bodies,  in  straight  lines.  This 
may  be  illustrated  by  an  experiment  Suppose  at  the  end  of  a 
spiral  spring  a  weight  fastened,  and  one  end  is  held  in  the  hand 
while  the  weight  is  swung  round  in  a  circle.  The  spring  will 
be  extended  and  the  weight  will  recede  as  the  velocity  increases. 
Finally  the  centrifugal  force  becomes  greater  than  the  tenacity 
of  the  spring,  which  then  breaks,  and  the  weight  flies  off  in  a 
tangential  direction. 

As  the  attractive  force  of  the  molecules  is  not  the  same  for 
different  liquids,  some  require  more,  some  less  heat  to  convert 
them  into  vapor. 

It  is  also  evident  that  vaporization  takes  place  more  rapidly 
at  the  surface  of  a  body  than  in  the  interior,  because  the  mole- 
cules are  not  restrained  by  the  pressure  of  those  above.  Thus, 
if  the  centrifugal  force  of  a  molecule  in  the  interior  of  a  body  is 
not  sufficient  to  overcome  the  action  of  those  above  it,  it  is 
obliged  to  retain  its  earlier  vibratory  or  rotating  motion  which 
it  possessed  as  a  liquid  molecule.  In  such  case  we  say  that 
the  liquid  "  simmers."  Further,  it  is  evident  that  the  air  mole- 
cules which  impinge  against  the  surface  of  the  liquid  must 
partially  impede  the  process  of  vaporization.  We  say  partially, 
because  we  assume  that  there  are  large  spaces  between  the  air 
molecules  through  which  the  liquid  molecules  can  move.  Yet 
it  may  often  happen  that  an  air  molecule  comes  in  contact  with 
a  liquid  molecule  just  as  it  is  about  to  leave  the  surface.  If 
therefore  the  density  of  the  air  diminishes,  or  if  it  is  entirely 
removed,  the  vaporization  goes  on  quicker  for  the  same  tem- 
perature, more  particles  breaking  loose.  These  results  are,  as 
we  know,  confirmed  by  experience. 

When  vaporization  takes  place  in  the  interior  of  a  liquid,  the 
centrifugal  force  of  the  molecules  must  be  so  great  as  to  over- 
come the  pressure  upon  them.    This  pressure  consists  not  only 
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of  the  weight  of  snpermcumbent  liqnid,  but  also  of  the  press- 
nie  of  the  air  upon  the  surface  of  the  liquid.  The  centrifugal 
force  must  therefore  be  greater  the  deeper  the  molecules  lie 
beneath  the  surface.  If  they  still  break  loose,  their  centrifugal 
force  must  be  equal  to  the  pressure  of  the  air,  increased  by  the 
we^ht  of  superincumbent  liquid — and  hence  it  may  be  that, 
for  instance,  in  deep  vessels  the  same  mass  of  water  is  made  to 
boil  with  more  difficulty  than  in  shallow. 

Let  us  now  notice  briefly  how  combustion  is  regarded.  We 
may  call  attention,  first,  to  the  following  observations : 

If  we  allow  a  weight  to  fall  from  a  certain  height  upon  a 
plate  of  lead  or  iron,  its  living  force  is  entirely  or  partially 
destroyed  by  the  impact,  according  as  the  bodies  are  entirely 
or  partially  inelastic.  But  if  we  now  examine  the  plate,  we 
shall  find  that  it  has  been  heated,  and  heated  more  according 
as  more  of  the  living  force  of  the  weight  has  disappeared.  The 
mechanical  work  inherent  in  the  weight  has  thus  been  trans- 
formed after  impact  into  heat 

In  combustion  the  process  is  similar,  but  instead  of  large 
masses  we  have  here  to  do  with  body  particles  which  elude 
observation  even  with  the  microscope.  Thus  when  we  heat, 
for  example,  pure  carbon,  the  particles  are  not  only  set  into 
much  more  rapid  vibration,  that  is,  their  living  force  increased, 
but,  at  the  same  time,  they  recede  from  each  other.  It  is  thus 
more  easy  for  the  impinging  oxygen  atoms  to  penetrate  between 
the  atoms  of  carbon,  and  by  reason  of  greater  adhesion  to  unite 
with  them.  By  this  impact  the  rectilinear  motion  of  the  oxy- 
gen atoms  is  transformed  into  the  vibratory  or  rotating  motion 
of  the  carbon  molecules,  that  is,  generates  heat.  At  the  same 
time  every  carbon  atom  unites  with  two  oxygen  atoms  to  make 
a  molecule  of  carbonic  acid,  which  then  takes  a  rectilinear 
motion. 

Heat  Condvction  and  Radiaiion. — In  the  foregoing  we  have 
briefly  reviewed  the  different  views  as  to  the  nature  of  heat, 
and  have  sought  to  explain  some  of  the  best  known  phenomena 
in  accordance  with  these  views.  Let  us  now  inspect  somewhat 
more  closely  the  phenomena  of  radiation  and  conduction,  in 
order  to  deduce  that  the  heating  of  a  body  is  not  so  mtich  the 
motion  ofetAer  envdopesy  hut  rather  consists  in  a  greater  vdocUy  of 
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vibratton  of  the  body  mclecules.  Althongh  the  facts  are  familiar 
to  us  ally  yet  it  may  not  be  anmterestiiig  to  call  attention  to 
them  again. 

We  say  that  a  body  is  heated  by  conduction  when  it  receives 
heat  from  another  with  which  it  is  either  in  direct  contact  or 
by  the  intervention  of  another. 

In  such  case  the  molecules  of  the  warmer  body  impart  their 
greater  living  force  in  part  to  those  of  the  colder,  until  the 
molecules  of  both  possess  the  same  living  force,  or  are  equally 
warm. 

A  body  is  heated  by  radiation  when  it  receives  heat  from 
another  without  the  intervention  of  a  third.  If,  for  example, 
we  stand  near  a  hot  stove,  or  expose  ourselves  to  the  sun's  rays, 
we  receive  heat  even  when  the  surrounding  air  is  cold.  Heal 
rays  must  therefore  proceed  from  the  source  of  heat,  just  like 
light  rays  from  a  source  of  light,  which  rays  excite  in  us  the 
sensation  of  heat 

The  researches  of  physicists  have  shown  that  these  heat  rays 
follow  the  same  laws  as  those  of  light ;  that,  for  example,  they 
are  in  similar  manner  reflected  and  refracted,  and  show  the 
same  phenomena  of  interference  which  have  made  us  acquainted 
with  the  nature  of  light. 

We  may  at  present  assume  with  certainty  that  light  rays  are 
propagated  in  a  similar  manner,  and  arise  in  a  similar  manner, 
to  sound  waves  in  the  air  or  water  waves  in  the  water. 

Luminous  bodies  possess  the  power  of  putting  into  vibration 
the  ether  which  pervades  all  space  and  all  bodies.  These  vibra- 
tions reach  our  eyes,  excite  the  retina,  and  thus  cause  sighi 
Just  as  high  tones  are  caused  by  quicker,  and  low  tones  by 
slower  vibrations  of  the  sounding  body  and  of  the  air,  so  differ- 
ent colors  are  caused  by  quicker  and  slower  vibrations  of  the 
ether. 

Since,  now,  radiant  heat  follows  the  same  laws  as  light,  toe 
mtcst  aUribide  its  origin  and  transmission  to  the  vibrations  of  tlie 
ether  atoms.  Of  this  the  following  experiment  will  convince  us : 

If  we  allow  a  ray  of  light  to  enter  a  dark  room  through  an 
aperture,  and  to  pass  through  a  triangular  prism  held  in  front 
of  the  aperture,  the  ray  will  be  not  only  deviated  or  refracted, 
but  the  ray  originally  white  will  be  split  up  into  various  colors, 
of  which  we  may  distinguish  especially  seven,  the  so-called 
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prismatic  colors,  or  colors  of  the  rainbow.  All  the  colors  bear 
the  name  of  "  spectrum,"  and  when  obtained  by  the  decomposi- 
tion of  the  sun's  rays,  of  the  solar  spectrum. 

Without  the  prism,  we  obtain  a  light  strip  upon  the  screen, 
of  the  form  of  the  aperture,  in  the  straight  line  drawn  from  the 
aperture  to  the  sun.  With  the  prism,  the  light  strip  is  very 
much  broader,  is  deviated  toward  the  refracting  angle  of  the 
prism,  and  is  vividly  colored.  The  colors,  beginning  with  those 
least  refracted,  are  red,  orange,  yellow,  green,  blue,  indigo  blue, 
and  violet 

If  we  examine  the  spectrum  formed  upon  the  screen  with  a 
sensitive  thermometer,  or  a  thermo-electricr  pile,  which  shows 
least  differences  of  temperature,  we  shall  find  that  the  violet 
rays  have  the  least  heating  power,  and  the  red  the  greatest 
Indeed,  if  we  examine  beyond  the  red  rays,  where  no  color  can 
be  perceived,  we  find  that  the  heat  is  still  greater  than  in  the 
spectrum  itself,  and  these  invisible  rays  extend  beyond  the 
spectrum  a  distance  about  equal  to  its  own  length.  Thus  the 
so-called  heat  spectrum  has  about  double  the  length  of  the 
color  spectrum. 

Hence  it  appears  that  the  heat  rays  are  less  refracted  than 
the  light  rays,  since  they  are  less  deviated. 

For  the  sake  of  completeness  we  may  also  add  the  following: 

If  we  extend  our  examination  beyond  the  violet,  we  find  here 
rays  which  have  the  greatest  influence  upon  chemical  combiner 
tions.  In  fact,  these  rays  have  the  most  powerful  photographic 
effect,  and  hence  they  constitute  the  chemical  spectrum. 

Physicists  have  computed  that  for  red  light  the  ether  must 
make  not  less  than  481  billion  vibrations  in  a  second,  while  for 
violet  light  764  billions  are  necessary.  The  heat  rays,  then, 
are  caused  by  ether  vibrations,  on  the  whole  less  than  481  bil- 
lion per  second.  On  the  other  hand,  the  number  of  vibrations 
of  the  chemical  rays  is  more  than  764  billion  per  second. 

When,  now,  the  vibrating  ether  meets  a  body,  it  sets  in  vi- 
bration either  the  ether  existing  in  the  body,  or  the  atoms  of 
the  body,  or  both.  If  the  ether  in  a  body  is  so  constituted  that 
it  can  transmit  the  vibrations  which  it  receives  from  white  light, 
it  is  transparent  and  colorless.  If  it  can  only  transmit  those 
vibrations  which  it  receives  from  the  violet  rays,  while  the 
others  are  lost,  it  appears  violet  in  color,  and  so  on.    In  an 
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opaque  bodjr  the  ether  is  so  constituted  that  it  oaimot  trans- 
mit the  vibrations  communicated  to  it  by  a  source  of  light. 

TVhile,  now,  those  ether  vibrations  generated  by  a  source  of 
light,  and  which,  we  must  assume,  possess  a  greater  yelocit  j 
but  a  less  amplitude  of  vibration  than  heat  rays,  set  into  vi- 
bration the  ether  contained  in  bodies,  it  is  those  vibrations 
which  arise  from  a  source  of  heat,  and  which  have  a  less  veloc- 
ity but  a  greater  amplitude  of  vibration,  which,  chiefly  by  im- 
pact, set  the  atoms  of  a  body  into  vibration,  and  thus  heat  it. 
Since,  however,  the  heat  spectrum  is  about  double  the  length 
of  the  light  spectrum,  and  since,  therefore,  there  are  heat  rays 
of  different  refrangibility  and  velocity  of  vibration,  we  might 
expect  that  the  molecules  of  one  and  the  same  body  are  differ- 
ently excited  by  different  heat  rays,  and  the  body  differently 
heated — ^indeed,  that  certain  heat  rays  may  not  excite  the  mole- 
cules of  certain  bodies  at  all,  but  only  the  contained  ether,  and 
thus  that  these  bodies  are  not  heated  by  such  rays.  Science 
furnishes  a  number  of  confirmations  of  this  conclusion. 

If,  for  example,  we  let  fall  upon  a  plate  of  fluor-spar  of  about 
2.6  millimeters  in  thickness,  rays  from  various  sources,  such  as 
the  electric  lamp,  glowing  platinum,  heated  copper,  the  heat 
transmitted  is  found  to  be  in  each  case  as  the  numbers 

78  :  69  :  42. 

Thus  the  rays  from  the  lamp  excite  the  ether  in  the  fluor- 
spar more  than  the  atoms  or  molecules,  while  those  from  the 
copper  act  inversely. 

Still  more  striking  is  the  transmission  of  different  heat  rays 
by  beryl,  calkspar,  rock-crystal,  etc. 

Different  bodies  also  transmit  different  amounts  of  heat  from 
one  and  the  same  source.  Thus,  for  example,  clear  rock-salt 
transmits  92  per  cent  of  the  rays  from  the  electric  lamp,  fluor- 
spar, on  the  other  hand,  only  78,  colorless  alum  9,  and  very 
clear  ice  only  6  per  ceni 

Of  all  bodies  rock-salt,  and  air  especially,  transmit  equally 
well  rays  from  differenlv  sources. 

Following  Melloni,  an  Italian  physicist  to  whom  we  are  in- 
debted for  valuable  researches  upon  radiant  heat,  we  call  those 
bodies  which  transmit  the  heat  rays,  diathermanous,  and  those 
which  do  not,  athermanous. 


^ 
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If  a  body  cannot  transmit  through  its  mass  the  heat  rays 
which  strike  its  surface,  these  rays  are  either  reflected,  accord- 
ing to  the  same  laws  as  light  rays,  or  they  are  absorbed  and 
heat  the  body.  The  greater  the  amount  of  heat  transmitted, 
the  less  is  that  absorbed.  Thus,  for  example,  rock-salt  becomes 
heated  but  little  when  exposed  to  the  sun's  rays  or  other  sources 
of  heat,  because  it  is  very  diathermanous,  while  smoked  glass, 
which  transmits  but  few  rays,  is  heated  much  more. 

Hence  it  follows  that  in  absorption  of  heat,  also,  there  is  con- 
siderable difference  among  bodies,  and  that  the  same  body  does 
not  receive  equal  amounts  of  heat  from  different  sources.  Thus 
while,  for  example,  soot  absorbs  almost  completely  the  rays 
from  the  electric  light,  white  lead  absorbs  only  0.53,  shel-lac 
only  0.43,  and  a  metal  surface  only  0.14 

On  the  other  hand,  the  absorption  power  of  white-lead  for 
rays  from  the  electric  light,  from  glowing  platinum,  or  from 
cop])er  heated  up  to  400^,  is  as 

53  :  56  :  89. 

'The  same  holds  for  most  other  bodies.  Soot  alone  seems  to 
absorb  equal  amounts  of  heat  from  all  sources.  Just  as  in 
res{>ect  to  light  it  is  perfectly  opaque,  so  is  it  in  respect  to  the 
heat  rays. 

If,  now,  we  investigate  the  heat  rays  which  a  body  heated  by 
absorption  again  emits,  we  shall  find  that  these  rays  are  en- 
tirely independent  of  the  nature  or  quality  of  those  absorbed. 
Yery  extensive  experiments  have  shown  that  (he  heat  rays 
emitted  by  a  body  are  always  the  same^  wfiatever  the  source  from 
which  the  body  is  heaied^  whether  the  electric  lamp^  glowing  platinum^ 
or  even  contaet  with  a  tvarmer  body. 

This  seems  to  indicate  plainly  that  the  heat  rays  absorbed 
by  a  body  are  completely  altered  in  character.  It  seems  also 
indicated  by  the  fact  that  the  absorbed  heat  is  propagated  very 
slowly  in  the  interior  of  a  body,  while  the  radiant  heat  has  a 
velocity  equal  to  that  with  which  heat  travels  through  air  and 
space — ^a  velocity  probably  not  less  than  that  of  light  itself. 

We  can  therefore  hardly  assume  that  the  heating  of  a  body 
by  absorption  of  heat  rays  consists  in  setting  the  body  ether 
into  more  rapid  vibration ;  for  in  such  case  it  would  be  hard  to 
see  why  the  heat  is  not,  as  in  diathermanous  bodies,  entirely  or 
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partially  transmitted,  and  why  the  propagation  in  the  body  is 
so  slow.  It  is  much  more  probable  that  the  atoms  or  nuAecules 
of  athermanoua  bodies  are  excited  by  the  impinging  heat  rays^  and 
put  into  quicker  vibration^  and  that  this  is  the  oause  of  the  heating* 
This  conclusion  seems  not  without  interest. 


QXTESnONB  FOB  EXAMINATION. 

What  amoant  of  work  Is  required  to  raise  the  temperatare  of  one  kilogram  of  water  one 
degree  ?  How  many  pounds  make  a  kilogram  ?  What  two  theories  are  there  ?  Qive  Redten- 
bacher's  theory.  What  do  you  understand  by  "  atom  ?  "  What  by  "  ether  ?  '*  What  by  "  mole- 
cule r ''  What  by  '*  dynamldc  ?  *'  In  what  does  the  heat  of  a  body  consist  according  to  Red  ten- 
bacher  ?  Under  what  conditions  is  the  body  solid  or  liquid  f  When  gaseous  ?  What  waa 
DavyVview?  How  did  Clausius  differ?  Explain,  according  to  this  view,  the  solid,  liquid, 
and  gaseous  suites.  In  what  respects  does  experience  confirm  it  f  How  is  combustion 
explained  f  When  is  a  body  heated  by  conduction  ?  What  is  the  theoretical  process  ?  When 
is  a  body  heated  by  radiation  ?  Explain  the  process.  What  are  heat  rays  ?  What  facts  prove 
that  heat  and  light  rays  are  identical  ?  What  is  the  solar  spectrum  ?  What  different  rays  do 
we  distinguish  in  it?  What  physical  difference  Is  there  between  the  heat,  light,  and  chemical 
rays  ?  What  physical  similarity  ?  What  facts  go  to  pnive  that  it  is  the  motion  of  the  molecules 
of  a  body  rather  than  its  contained  ether  atoms  which  constitute  its  heat?  When  is  a  body 
said  to  be  transparent?  Opaque?  Athermanoua?  Dlathermanous  ?  Are  the  heat  rays  emitted 
from  a  body  always  the  same  in  kind  ?  What  does  this  indicate  ?  What,  then,  seems  most 
prol>ably  to  constitute  the  heat  of  a  body?  Are  good  radiators  of  heat  good  absorbers?  Why  ? 
Explain  now,  in  detail,  your  ideas  of  the  heating  of  a  body  by  a  distant  source,  and  the  processes 
of  radiation  and  conduction.  Do  these  or  any  other  theoretical  views  affect  in  any  degree  the 
validity  or  our  general  principle  of  the  equivalence  of  heat  and  work  ?  Does  our  principle 
depend  upon  any  hypothesis  as  to  the  nature  of  heat  ?  Upon  what  does  it  depend  ?  Have 
Uiese  views  any  value  ? 


CHAPTEE  HL 

INNER  AND  OUTEB  WORE. — LATENT  AND  SPEGIFIO  HEAT* 

Whatever  may  be  the  motion  in  the  interior  of  a  body, 
whether  a  motion  of  ether  envelopes  according  to  the  views  of 
Bedtenbacher,  or  a  motion  of  the  molecules  as  assumed' by 
Olausius  and  most  other  physicists ;  whatever  may  be  the  char- 
acter of  the  motion,  this  much  at  least  is  established — that 
heat  is  some  sort  of  motion  of  the  particles,  atoms,  or  mole- 
cules. If  the  mass  of  a  particle  is  m^  and  its  velocity  t?,  then 
\mv^  is  its  living  force.  If  we  assume  the  entire  weight  of  the 
body  to  be  (7,  then 

is  the  entire  inner  living  force  of  the  body,  or  its  entire  "twAer- 
ent  energy ^^^  if  v  is  the  mean  velocity  of  an  atom. 

The  imparting  of  heat  to  the  body  has,  in  general,  three 
effects. 

1st  The  temperature  of  the  body  rises — its  ^^ sensible  heat"  is  itir 
creased, 

2d.  The  body  eocpands — its  vdume  is  increased. 

3(i  In  this  expansion  tJie  exterior  pressure — generally  that  of  the 
atmosphere — is  overcome. 

Different  Works  performed  hy  the  Heat. — ^We  see,  then,  that  the 
heat  performs  a  threefold  work. 

1^.  Since  the  rise  of  the  temperature  consists  in  an  increase 
of  the  living  force  of  the  particles,  it  must  perform  a  work 
equivalent  to  this  increase. 

2d  Since  the  molecules  mutually  attract  each  other,  a  cer- 
tain work  is  necessary  to  alter  their  mutual  positions ;  or,  what 
is  the  same  thing,  to  move  their  common  cent'er  of  gravity. 

3d  Since  the  body  is  pressed  upon  on  all  sides  by  the  air,  a 
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certain  work  is  required  to  oyercome  this  pressure  through  a 
certain  distance. 

That  work  which  goes  to  increase  the  velocity  of  the  mole- 
cules, and  therefore  to  increase  the  sensible  heat  of  the  body, 
we  call  the  "vibration  t^wi,"  while  that  work  which  is  neces- 
sary to  displace  the  particles  we  call  the  "  diagregcUion  taork." 

Outer  and  Inner  Work. — Since,  in  the  practical  applications  of 
the  mechanical  theory  of  heat,  that  work  necessary  to  overcome 
the  outer  pressure  is  of  especial  importance,  we  shall  follow 
Zeuner,  and  call  the  work  which  increases  the  velocity  of  vibra- 
tion, together  with  that  which  changes  the  aggregation  of  the 
particles,  that  is,  the  '^vibration  work*'  and  the  "disgregation 
work,"  the  "  inner  wwi,"  while  we  shall  call  the  other,  which 
overcomes  the  outer  pressure,  the  "  outer  work.** 

Starting,  then,  from  the  experimentally  proved  law  that 
"  Heat  and  mechanical  work  are  equivalent,"  we  can  lay  down 
the  following  most  important  fundamental  principle  of  the  me- 
chanical theory  of  heat : 

The  amount  of  heat  {expressed  in  heat  units)  imparted  to  a  body 
is  direcUy  proportional  to  the  simvUaneoudy  produced  inner  and 
outer  vxyrh 

Specific  Volume — Specific  Pressure. — In  our  discussions  we 
shall,  in  general,  take  the  kilogram  (about  2.2  pounds)-  as  the 
unit  of  weight  The  volume  of  any  body  of  this  weight  we 
call  the  specific  volume,  and  shall  denote  it  by  v.  F  indicates 
the  volume  of  a  body  which  weighs  more  or  less  than  just  one 
kilogram.  The  pressure  upon  each  square  meter  of  surface 
of  any  body  we  call  the  specific  pressure,  and  shall  denote  it 
by  p.  We  therefore  assume  that  the  pressure  upon  each  imit 
of  surface  is  the  same.  We  also  assume  in  what  follows  that 
the  pressure  upon  the  interior  of  the  surface  of  a  body^  at  any  in- 
staanty  is  just  equal  to  the  outer  pressure,  or  varies  from  it  by  an 
infiniidy  small  amount.  That  is,  the  "  body  tension  "  is  at  any 
moment  just  equal  to  the  outer  pressure.  Whenever  we  de- 
viate from  this  assumption  we  shall  specially  indicate  it 

[We  shall  do  well  to  distinguish  between  the  "body  tension"  and  the 
outer  pressure.  If  we  oonceive  the  body  inclosed  by  a  tight-fitting  envelope, 
or  skin,  the  tension  of  this  skin  is  the  body  tension.    This  may  or  may  not  be 
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equal  to  the  external  pressure.  Unless  distinctlj  stated  to  the  contrary,  we 
suppose  that  the  body  tension  at  any  moment  differs  from  the  outer  pressure 
only  by  an  indefinitely  small  amount,  and  hence  that  any  change  from  one 
state  to  another  Is  continuous,  and  therefore  reversible.  The  outer  pressure  is 
thus  a  property  of  the  body. 

The  case  is  quite  difEerent  when  we  assume  that  equilibrium  between  the 
outer  pressure  and  body  tension  does  not  exist  during  the  changes  of  condi- 
tion, and  therefore  that  equilibrium  is  only  attained  at  the  beginning  and  end 
of  the  change,  when  the  body  has  passed  from  one  condition  of  equilibrium  to 
another.    The  deportment  of  a  body  during  such  a  transition  is  evidently  of  a 
very  different  character,  and  we  are  able  to  follow  the  transition  only  in  a  few 
special  cases,  in  which,  by  certain  assumptions  upon  the  law  of  change  of  the 
outer  pressure  (which  is  considered  quite  independent  of  the  body  tension),  we 
are  able  to  determine  the  final  condition  of  the  body  after  the  occurrence  of  a 
new  state  of  equilibrium.    The  two  cases  may  be  represented  by  a  rod,  which 
in  the  first  case  is  stretched  by  a  force  at  any  instant  greater  only  by  an 
infinitely  small  amount  than  the  force  with  which  at  that  instant  the  rod 
resists  extension,  and  in  the  second  case,  acted  upon  suddenly  by  a  constant 
force.     In  the  first  case  the  rod  is  gradually  extended,  and  the  work  of  ex- 
tension can  be  easily  shown  to  be  -^ ,  where  0  is  the  final  force  and  I  is  the 

« 

extension.  In  the  second  case  it  can  be  shown  that  the  rod  is  elongated  twice 
as  far,  and  the  work  up  to  the  moment  of  greatest  elongation  is  201,  Further, 
the  end  of  the  rod  will  vibrate  up  and  down  like  a  pendulum  whose  length  is 
I,  and  finally  come  to  the  same  state  of  equilibrium  as  the  first. 

In  every  case,  therefore,  unless  otherwise  stated,  we  assume  that  during 
change  of  state  by  accession  or  withdrawal  of  heat  the  outer  pressure  is  equal 
at  any  insUnt  to  the  body  tension.  Thus  in  the  case  of  a  gas  expanding,  it 
overcomes  a  pressure  just  equal  to  its  own  tension  or  pressure  upon  the  piston 
at  any  instant.  When  this  is  the  case  the  change  of  state  is  always  revernbU^ 
i.  e.,  by  compression  the  gas  passes  through  all  intermediate  states  in  reverse 
order  back  to  original  state.] 

FundawenJtal  Equations  of  the  Mechanical  Theory  of  Heat. — If, 
now,  we  impart  to  the  unit  of  weight  of  any  body  one  heat  unit 
(that  is,  so  much  heat  as  will  raise  the  temperature  of  one 
kilogram  of  ^mter  from  0°  to  1°  C),  we  increase  its  total  energy 
by  424  meter-kilograms ;  that  is,  the  increase  of  its  inner  and 
outer  work  is  e<J\iivalent  to  a  work  of  424  meter-kilograms. 
If,  however,  we  impart  Q  heat  units,  then  the  work  performed 
upon  the  body,  or  received  by  it,  is  424  x  Q.  If  we  denote 
this  work  by  E,  we  have  for  the  energy  imparted  to  each  unit 
in  weight  by  the  reception  of  Q  units  of  heat, 

^=424x0, 
and  inversely. 
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The  fraction  ^f^,  or  that  portion  of  one  heat  unity  or  that 

amount  of  heat  which  is  equivalent  to  one  unit  of  work,  we 

designate  in  general  by  A. 

We  thus  have 

Q=AxK 

If,  now,  W  is  that  portion  of  the  whole  energy  which  goes  to 
the  increase  of  the  vibration  work,  J  that  portion  which  goes 
to  disgregation  work,  and  L  that  portion  which  corresponds  to 
the  outer  work,  we  have  E=W+  J  +  L,  and  hence 

Q=A{W+J+L) (L) 

Since  we  call  both  W  and  J  together  the  inner  work,  let  us 
represent  it  by  J7,*  or  U=^W-\-  J,  and  we  then  have 

Q=A{U-\-L) (EL) 

Change  of  Sign  of  (he  Terms  in  Equation  L — ^Now  in  Equation  L, 
any  one  or  more  of  the  terms  in  the  parenthesis  may  be  zero, 
or  may  be  negative.  In  such  case,  for  the  same  amount  of 
heat  imparted,  Q,  the  remaining  terms  must  be  greater.  We 
may  illustrate  by  a  few  examples. 

It  has  been  already  remarked,  that,  in  order  to  convert  ice  at 
0°  into  water  at  0"",  not  less  than  about  80  heat  units  are  neces- 
sary. When,  therefore,  we  add  heat  to  the  ice,  we  do  not 
increase  its  vibration  work,  L  e.,  its  sensible  temperature  at  all, 
but  the  heat  imparted  performs  disgregation  work  and  outer 
work.  In  Equation  L,  therefore,  W  is  zero.  This  is  the  case 
with  almost  all  other  bodies.  The  heat  which  thus  disappears, 
apparently,  since  it  is  not  sensible  to  the  thermometer  or  to 
our  nerves  while  a  body  is  melted,  we  call  the  "Zofew^  heat." 

The  experiments  of  Begnault  and  Person  give  the  latent  heat 
of  several  bodies  as  follows : 

Water 79.25        Tin 14.252        Zinc 28.13 

Phosphorus .  5.034        Lead 5.369        Mercury . .  2.83 

Sulphur 9.368        Bi8muth..l2.640 

In  passing  from  the  liquid  to  the  gaseous  state  heat  also 
disappears,  and  the  amount  thus  disappearing  is  in  general 
greater  than  in  liquefaction. 

*  [Kircholf  calls  the  quantity  CTthe"  working  fonction ;"  TtaomBon, "  the  mechanical  energy 
of  a  body  in  a  given  state  ;*'  Clansins  anderstands  by  "  inner  worli**  only  that  portion  denoted  \xf 
Jt  which  we  call  "  disgregation  woik/"] 
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Thus,  for  example,  according  to  Brix,  the  latent  heat  of  steam 
is  540;  that  is,  to  convert  one  kilogram  of  water  at  100°  into 
steam  at  100 "",  540  heat  units  are  necessary;  that  is,  just  as 
much  heat  as  is  required  in  order  to  heat  540  kilograms  of 
water  from  O''  to  1^.  Thus,  referring  to  theory,  a  greater  ex- 
penditure of  work  is  required  to  give  ihe  particles  a  rectilinear 
motion,  such  as  we  assume  for  gas,  than  to  impart  those  rotary 
motions  which  are  supposed  to  constitute  a  liquid. 

For  alcohol,  sulphuric  ether,  and  oil  of  tilrpentine,Brix  found 
the  latent  heat  of  evaporation,  210,  89*96,  and  74.04,  respec- 
tively. 

If  we  heat  water  from  0"^  to  4"^,  it  does  not  expand,  as  is  gen- 
erally the  case  when  bodies  are  heated,  but  contracts,  and  thus 
the  molecules  approach  each  other.  The  outer  work  is  thus 
negative.  In  fact  the  outer  pressure  here  assists  the  heat,  so 
to  spesik.  Without  this  pressure  we  would  have  to  impart 
more  heat  in  order  to  raise  the  same  water  up  to  4°.  If,  there- 
fore, we  increase  the  pressure,  the  heat  necessary  to  be  im- 
parted is  less. 

We  have  still  greater  contraction  when  we  convert  ice  at  0° 
into  water  at  0"*.  Ermann  observed  that  the  volume  of  water 
at  0"^  is  only  ^^^ths  of  that  of  the  ice  at  the  same  temperature. 
Here,  then,  the  outer  work  has  a  still  greater  negative  value, 
and  therefore,  under  increased  pressure,  the  latent  heat  of  the 
ice  ought  to  be  diminished,  t.  e.,  its  melting  point  lowered. 
Mayer  predicted  this  in  his  contributions  to  the  mechanical 
theory  of  heat,  and  the  experiments  of  Mousson  have  com- 
pletely confirmed  it.  This  physicist  showed  by  a  very  ingen- 
ious experiment  that  under  a  pressure  of  about  18,000  atmos- 
pheres the  melting  point  of  ice  was  lowered  about  18°,  that 
therefore,  under  this  pressure,  ice  became  liquid  at  —  18°, 
instead  of  0°. 

Cast  iron  and  bismuth  also  contract  when  they  pass  from  the 
solid  to  the  liquid  condition.  The  most  striking  example  of 
contraction  when  heated  is,  according  to  Sir  William  Thom- 
son, shown  by  vulcanized  rubber.  When  a  tube  of  this  material 
is  fastened  at  one  end,  and  a  weight  of  ten  or  more  pounds  is 
hung  from  the  other,  this  weight  is  raised  by  heating  the  tube. 
We  see  here,  therefore,  very  plainly,  that  the  outer  work  per- 
formed is  negative. 
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Increased  Pressure  can  also  Raise  the  Mdting  Point — ^If  a  body 
expands  under  the  action  of  heat,  this  expansion  will  be  less 
when  the  pressure  is  increased,  if  the  heat  imparted  is  the 
same  in  amount.  And  inversely,  if  the  expansion  is  the  same, 
more  heat  must  be  imparted.  If  a  body  in  melting,  then,  fol- 
lows the  general  rule  and  expands,  its  melting  point  must  rise 
when  it  is  subjected  to  a  greater  pressure.  In  this  case  the 
outer  work,  L  performed  during  expansion,  is  greater,  and 
accordingly  the  hesrt  imparted,  Q,  must  be  also  greater.  These 
theoretical  conclusions  are  also  confirmed  by  numerous  experi- 
ments. Thus  Hopkins  has  found  for  the  melting  point  of  vari- 
ous substances,  under  varying  pressures,  the  following  results : 


Presrare 
in  At- 
mospheres. 

1 


519 

792 


iixsmsa  FoiKT. 

Speimaceti. 

Wax.                   Sulphur. 

Stearine. 

61°  C. 

645°  0.         107°  0. 

72.6°  G 

60° 

74.6°              135.2° 

73.6° 

80.2° 

80,2°         •    140.6° 

79.2° 

Heat  which  musthe  Imparted  to  Oases  under  different  Conditions 
for  equal  Bise  of  Temperature, — In  the  case  of  gases,  whose  mole- 
cules are  not  bound  together  by  mutual  attractions,  no  work 
is  expended  in  changing  the  state  of  aggregation.  When,  there- 
fore, we  impart  heat  to  a  gas,  the  vibration  work  is  increased, 
and,  under  certain  circumstances,  outer  work  is  performed.    It 

is  not  difficult  here  to  do  away  with  the  outer 
work  also,  and  then  a  less  quantity  of  heat  is 
necessary  to  heat  the  gas  a  certain  number  of 
degrees  than  when  outer  work  is  performed  dur- 
ing the  expansion.  ,  This  may  be  illustrated  by 
the  following  experiment : 

Suppose  that  air  is  inclosed  in  the  cylinder 
ABCDy  Fig.  9,  below  the  air-tight  piston  EJF. 
When  the  air  is  heated  it  expands  and  raises  the 
piston.  The  heat  imparted  then  goes  to  increase 
the  vibration  work  and  to  perform  outer  work. 
Let  us  now  make  the  piston  fast,  so  that  expan- 
sion is  impossible ;  then  the  outer  work  is  zero, 
and  less  heat  is  necessary  in  order  to  raise  the  air  the  same 
number  of  degrees  as  before. 
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We  can  easily  make  here  the  outer  work  negative.  We 
have  only  to  suppose  that,  while  the  air  is  being  heated, 
weights  are  gradually  applied  to  EFy  so  that,  in  spite  of  the 
rise  of  temperature,  the  piston  sinks,  and  the  air  is  com- 
pressed. The  work  performed  thus  by  the  sinking  piston  cor- 
responds to  a  certain  amount  of  heat,  and  the  whole  amount 
imparted,  in  order  to  raise  the  air  to  the  same  temperature, 
is  less  than  before  by  just  this  amount. 

Change  of  the  FwndaTnefrdal  EqtuUions  when  Beat  is  Abstracted. — 
If  we  take  heat  from  a  body,  inverse  phenomena  occur;  the 
vibration  work  is  in  general  diminished,  and«  there  is  there- 
fore a  decrease  of  temperature ;  also  the  molecules  approach 
nearer,  and  the  outer  work  is  negative.  Equation  L  accord- 
ingly takes  the  form 

Just  as  in  Equation  L  different  terms  in  the  parenthesis  can  be 
zero  or. negative,  so  here  different  terms  can  be  zero  or  pos- 
itive. 

We  have  an  example  in  the  case  of  water.  When  this  is 
cooled  from  4°  to  0°  it  does  not  contract,  but  expands,  the  outer 
work,  X,  is  therefore  positive.  This  positive  outer  work  is  still 
greater  when  we  abstract  from  the  water  at  0°  its  latent  heat  of 
liquefaction,  and  thus  convert  it  into  ice  at  0°.  In  this  case 
the  vibration  work,  or  sensible  heat,  remains  the  same,  and 
hence  W=0.  Since,  now,  W=0,  and  L  is  positive,  J  must 
have  a  so  much  greater  negative  value,  that  is,  the  molecules 
are  the  more  strongly  attracted.  We  can  explain  this  only  by 
assuming  that  the  molecules  are  arranged  in  a  definite  and 
regular  manner,  that  is,  that  the  ice  has  a  crystalline  consti- 
tution. 

As  in  the  freezing  of  most  other  bodies  there  is  a  contraction, 
the  outer  work  is  negative  when  the  latent  heat  of  liquefaction 
is  abstracted,  and  hence  the  decrease  of  the  vibration  work  is 
zero.  For  these  bodies,  for  the  same  withdrawal  of  heat,  the 
attraction  of  the  molecules  increases  relatively  less  rapidly  than 
for  water. 

Also,  when  steam  loses  its  latent  heat  of  vaporization  and 
becomes  liquid,  the  decrease  of  its  vibration  work,  or  its  sen- 
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sible  heat  is  zero.  As  we  say,  the  steam  is  candensedj  since 
steam  occupies  a  Terj  much  greater  space  than  the  liquid  from 
which  it  is  generated,  the  outer  work,  i,  must  have  a  very 
great  negative  value. 

This  work  Papin  sought  to  utilize.  The  cylinder  ,45Ci>, 
Fig.  10,  contained  water,  which  was  heated  until  all  the  air  was 

driven  out.  Then  the  air-tight  piston 
was  inserted,  and  cold  water  applied 
to  the  cylinder,  thus  condensing  the 
steam.  The  atmospheric  pressure 
then  forced  the  piston  HH  down, 
and  thus  raised  the  rod  J  by  means  of 
the  lever  FG. .  When  the  piston  ar- 
rived at  the  bottom  the  water  was 
again  heated,  the  expansive  force  of 
the  steam  balanced  the  air  pressure, 
and  the  weight  of  J,  which  was  heavier 
than  the  piston,  then  raised  the  lat- 
ter to  the  top  of  the  cylinder.  The  steam  was  then  again  con- 
densed, and  so  on. 

As  is  well  known,  Newcomen  first  practically  utilized  this 
idea  in  England,  in  his  atmospheric  engine,  which  Watt  later 
converted  into  the  steam  engine. 

This  process,  by  which  a  body,  as  the  water  in  this  case,  is 
changed  from  one  condition  to  another,  and  from  this  back 
again  to  the  first,  is  called  a  "  cyde  process.^* 

We  have,  also,  in  hot-air  engines  a  similar  cycle  process,  but 
instead  of  water  it  is  air  which  is  made  to  change  its  condition. 
First,  a  certain  volume  of  air  is  compressed,  then  heated,  and 
thus  outer  work  is  performed,  then  cooled  back  to  its  original 
condition,  and  so  on. 
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Specific  Heat. — ^If  we  impart  equal  amounts  of  heat  to  differ- 
ent bodies,  the  increase  of  vibration  work,  that  is,  of  their  sen- 
sible heat,  is  very  different 

We  may  illustrate  this  by  an  experiment.  If  we  mix  one 
kilogram  of  water  at  10°  with  one  at  30"",  the  temperature  of  the 


mixture  is 


1  X  10  +  1  X  30 


=  20  °.    For,  since  we  require,  in 


the  one  case,  to  raise  one  kilogram  of  water  to  10°,  1  x  10  =  10 
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heat  nnits,  and,  in  the  other,  1  x  30  =  30  heat  units,  there  are 
.  required  for  both  10  +  30  =  40  heat  units,  or  V  =  20°  for  each 
kilogram. 

If,  now,  we  mix  one  kilogram  of  water  at  10°  with  one  kilo- 
gram of  iron  at  30°,  we  shall  find  that  the  temperature  of  the 
mixture  is  12°.  Thus  the  iron  has  lost  30  —  12  =  IS"",  and  this 
heat  has  been  imparted  to  the  water.  But  this  heat  does  not 
raise  the  kilogram  of  water  18°,  but  only  2°.  What  the  iron 
has  lost  is,  apparently,  not  gained  by  the  water. 

If,  on  the  other  hand,  we  mix  one  kilogram  of  water  at  30° 
with  one  kilogram  of  iron  at  10°,  we  shall  find  the  temperature 
of  the  mixture  to  be  28°. 

The  2°,  or  the  2  heat  units  lost  by  the  water,  thus  raise  the 
temperature  of  the  iron  18°.  One  heat  unit,  therefore,  will 
raise  one  kilogram  of  iron  9°. 

We  see,  therefore,  that  the  same  amount  of  heat  which 
causes  in  water  a  certain  rise  of  temperature,  has  an  effect  nine 
times  as  great  for  iron. 

If,  again,  we  have  one  kilogram  of  water  at  about  80°  (more 
exactly  79.25°),  it  will,  as  we  know,  render  completely  liquid 
one  kilogram  of  ice  at  0° ;  and,  on  the  other  hand,  with  one 
kilogram  of  iron  at  80°  we  can  melt  only  ^th  of  a  kilogram  of  ice 
at0°. 

Also,  if  we  allow  equal  quantities  of  water  and  iron,  at  the 
same  temperature,  to  cool  in  the  air,  we  shall  find  that  the 
temperature  of  the  iron  sinks  nine  times  as  fast  as  that  of 
the  water.  But  since  the  air  abstracts  from  both  bodies,  in 
the  same  time,  equal  quantities  of  heat,  the  water  must  pos- 
sess nine  times  as  much  heat,  at  the  same  temperature,' as  the 
iron. 

Experiments  have  shown  that  two  bodies  seldom  occur  for 
which  equal  weights  are  raised  by  equal  amounts  of  heat  the 
same  number  of  degrees. 

We  call  that  amcmrd  of  heat,  expressed  in  heat  units,  which 
is  necessary  to  raise  one  kilogram  of  a  body  one  degree,  the 
"  specific  hecU  "  of  the  body. 

In  the  following  table  we  have  the  specific  heat  of  various 
bodies,  as  determined  under  constant  pressure,  by  the  exact  and 
careful  experiments  of  Begnault : 
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Antimony. 0.0508 

Bismuth 0.0308 

Carbon 0.2414 

Cobalt 0.1070 

Copper 0.0952 

Gold 0.0324 

Iron 0.1138 

Lead 0.0314 

Manganese 0.1217 


Mercury 0.0333 

Nickel 0.1110 

Phosphorus 0.1887 

Platinum 0.0324 

Silver 0.0570 

Sulphur 0.2026 

Tin 0.0562 

Zinc 0.0956 


Vdunve  Capacity, — ^The  specific  heat  defined  above  is  the 
quantity  of  heat  expressed  in  heat  units  necessary  to  raise  one 
kilogram,  or  one  unit  of  toeigJU  of  a  body,  one  degree.  We  may 
therefore  call  it  the  heat  capacity  of  one  unit  of  weight,  or  gen- 
erally, the  "  tveight  capacity.*' 

But  we  may  also  easily  determine  the  quantity  of  heat  re- 
quired to  raise  eqiud  vdumes  of  different  bodies  one  degree. 

One  kilogram  of  water  occupies  a  space  of  one  cubic  deci- 
meter, since  one  cubic  meter  of  water  weighs  1,000  kilograms. 
Now,  the  density  of  chemically  pure  iron  is  7.8489  times  as 
great  as  that  of  water,  hence  one  cubic  decimeter  of  iron  weighs 
7.8439  kilograms. 

Since,  now,  one  kilogram  of  iron  requires  0.1138  heat  units 
to  raise  its  temperature  one  degree,  7.8439  kilograms,  or  one 
cubic  decimeter,  requires  7.8439  x  0.1138  =  0.8926  heat  units. 
This  quantity  of  heat  we  may  call  the  "  volume  capacity  "  of  the 
iron.  In  general,  we  understand  by  volume  capacity  of  a  body 
that  amount  of  heat  necessary  to  raise  equal  vdumes  one  degree  in 
temperature. 

We  may  obtain  it,  as  shown  by  the  example  above,  by  mvUi- 
plying  the  specific  gravity  of  the  body  by  its  weight  capacity^  or  its 
**  specific  heaJL** 

[We  owe  the  latest  researches  upon  the  specific  heat  of  gases  to  Regnanlt ; 
but  these  researches  give  only  the  specific  heat  for  constant  pressure,  that  for 
constant  volume  has  not  been  as  yet  directly  determined.  Let  tp  be  the  weight 
capacity  for  constant  pressure,  and  oop  the  volume  capacity  for  constant  press- 
ure, which,  as  we  have  seen  above,  can  be  found  from  the  weight  capacity  by 
multiplying  by  the  specific  weight.    Then  we  have 

Cp,  <Op. 

Air 0.23751  0.00030714 

Nitrogen 0.24880  0.00080625 

Oxygen 0,21751  0.00031099 

Hydrogen: •....  3.40900  0.00080588 
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The  Talnes  of  the  weight  capacity  for  constant  pressure  are,  as  we  see,  dif- 
ferent for  different  gases.  Hydrogen  is  most  noticeable.  Its  sf>ecific  heat  is 
inded  greater  than  for  any  other  body,  solid  or  liquid.  After  hydrogen  comes 
water,  whose  speci6c  heat  {fif)  is  1.  For  others  the  specific  heat  for  constant 
volame  is  less,  and  indeed  for  inost  much  less  than  1. 

Regnault  also  found  the  specific  heat  of  gases,  especially  of  air,  constant  for 
different  pressures  and  temperatures,  a  beautiful  confirmation  of  a  prediction 
made  by  Clausius,  as  early  as  1850,  upon  theoretical  grounds  alone. 

As  regards  the  volume  capacities  for  constant  pressure,  we  see  that  they 
differ  but  little,  so  little  that  one  is  inclined  to  assert  that  the  deviations  are 
due  merely  to  errors  of  observation.  If  we  calculate,  however,  the  volume 
capacity  for  the  other  gases  given  by  Regnault,  we  find  that  approximate  equal- 
ity exists  only  for  those  gases  which  are  furthest  from  their  point  of  liquefac- 
tion, and  in  which,  therefore,  the  disgregation  work  is  of  little  or  no  account. 
We  can,  therefore,  conclude  that  equality  exists  only  for  "  perfect "  gases,  and 
iihis  conclusion  is  supported  by  theory. 

As  to  the  specific  heat  of  gases  for  eongtaitt  volume,  as  already  remarked,  a 
direct  determination  is  not  yet  attained.  We  can,  however,  determine  this 
value  indirectly,  at  least  for  air.  If  Cp  is  the  weight  capacity  of  air  for  con- 
stant  pressure,  and  Co  for  constant  volume,  we  can  in  various  ways  determine 

the  ratio  k='^.    Such  a  determination  we  shall  hereafter  give  when  we  come  to 

apply  the  principles  of  the  mechanical  theory  of  heat  to  the  solution  of  different 
problems.  One  of  these  methods,  used  by  Gay-Lussac,  Clement,  and  Desormes, 
and  later  hy  Masson  (W^ner,  Experimental  Phynk,  Bd.  2,  p.  279),  gave  re- 
spectively k  =  1.872,  1.857,  and  1.419.  Another  method,  by  Him  (Theorie  mt- 
taniqae  de  la  ehaleur,  p.  69),  and  Weisbach  {CivUingenieur,  Bd.  5,  p.  46),  gave 
1.8845  and  1.4025.  Further,  a  comparison  of  the  results  of  the  formulae  for  the 
velocity  of  sound,  by  Dulong,  with  observations  upon  the  progression  of  sound 
in  air,  gave  k  =  1.421,  and  Dulong  found  similar  values  also  for  nitrogen,  oxy. 
gen,  and  hydrogen.  A  similar  comparifon,  with  the  results  of  observation  by 
Moll  and  Van  Bech  upon  the  velocity  of  sound,  gave  for  air  k  =  1.410. 

This  last  value  is  regarded  at  present  as  the  most  reliable,  especially  as  it  is 
justified  by  the  results  of  other  researches. 

Taking  for  air,  then,  A;  =  -  =  1.41,  and  Cp  according  to  Regnault  0.28751, 

Ce 

we  have  for  the  specific  heat  of  air  for  constant  volume  Ce  =  0.16844. 

Since  the  outer  pressure  may  be  supposed  indefinitely  varied,  there  may  be, 
strictly  speaking,  an  indefinite  number  of  values  for  the  specific  heat  of  a  body, 
one  for  each  different  law  of  variation  of  pressure.  We  have  considered  above 
only  two  special  cases,  viz.,  for  constant  pressure  and  for  constant  volume. 
We  shall  see  later  how  to  find  the  specific  heat  lor  any  given  law  of  variation 
of  pressure  with  volume.  In  Regnault's  experiments  the  bodies  were  sub- 
jected to  the  constant  pressure  of  the  atmosphere,  and  in  accepting  his  results 
we  must  not  therefore  neglect  the  fact  that  they  strictly  hold  good  only  for 
constant  outer  pressure. 

For  solid  and  most  liqmd  bodies  the  expansion  is  very  slight,  and  therefore 
the  heat  converted  into  work  insignificant  in  such  case.  For  gases,  however, 
as  we  have  seen,  the  difference  is  great. 
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It  is  evident  that  the  specific  heat  for  constant  pressure  Cp  most  always  be 
greater  than  that  for  constant  volume  Cc,  because  in  the  first  case  beat  la  ab- 
sorbed by  the  outer  work,  and  for  the  same  rise  of  temperature  more  heat  most 
be  imparted. 

In  general,  "we  have  for  the  heat  imparted  for  a  rise  of  temperature  dt, 
for  the  unU  of  wdume  heated  under  constant  volume,  in  which  case  dij  the 
outer  work  is  sero, 

dQw  =  oodt-\'AdJ, 

For  a  perfect  gas  dJ,  or  the  increase  of  disgregatlon  work,  is  sero,  and  then 
00  is  the  specific  heat  of  the  unit  of  volume  for  constant  volume  (volume  capac- 
ity). If,  however,  J  is  not  zero,  then  the  value  which  we  have  until  now  called 
the  volume  capacity  has  a  complex  significance.  Without  doubt  dJ  is,  under 
the  above  conditions,  positive,  since  we  must  admit  that  the  smallest  particles 
act  attractively  upon  each  other,  and  dJ  represents  the  work  which  even  by  ' 
constant  volume  is  applied  to  disgregation  of  the  molecular  groups.  Rankine 
calls  the  value  of  <»  in  the  above  equation  the  **  real  specific  heat,"  and  hence 
we  should  conclude  that  the  "  apparent  specific  heat "  deviates  the  more  from 
the  real,  and  is  so  much  greater  than  it,  the  more  the  gas  departs  from  the 
perfect  condition. 

The  total  heat,  then,  imparted  in  order  to  raise  a  body  one  degree  in  tem- 
perature is  the  apparent  specific  heat ;  if  from  this  be  subtracted  all  the  beat 
expended  in  performing  interior  and  exterior  work,  the  remainder  is  the  real 
specific  heat,  because  it  alone  measures  the  actual  heat  of  the  body.] 

The  Disgregation  Work,  in  Solid  and  Liqmd  Bodies^  is  very 
smdU  in  comparison  tmth  the  Vibration  Worh — ^We  have  already 
repeatedly  defined  the  "  nnit  of  heat "  as  that  quantity  of  heat 
which  must  be  imparted  to  one  kilogram  of  water  in  order  to 
raise  its  temperature  one  degree.  But  now,  if  we  impart  to,  say 
one  kilogram  of  water,  so  much  heat  that  its  temperature  is 
raised  one  degree,  we  have  not  only  increased  the  vibration 
work  or  sensible  heat,  but  also  the  disgregation  work  as  welL 
The  heat  imparted  must  therefore  be  greater  than  ft  would 
have  been  had  we  only  increased  the  sensible  heat  of  the  water. 
Of  this  fact  no  account  was  taken  when  the  idea  of  the  heat 
unit  was  first  formed  and  the  specific  heats  of  bodies  deter- 
mined, because  at  that  time  the  principles  of  the  mechanical 
theory  of  heat  were  unknown.  If,  then,  the  disgregation  work 
were  considerable  and  varied  much  for  different  bodies,  these 
determinations  of  specific  heats  would  have  little  or  no  value. 
Fortunately  this  is  not  the  case.  Thus  Begnault,  whose  ex- 
periments are  the  most  reliable,  made  his  observations  upon 
bodies  subjected  only  to  the  pressure  of  the  atmosphere.    The 
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outer  work  and  diggregation  work  thus  performed  were  but 
slight  in  comparison  with  the  vibration  work. 

For  example,  let  us  suppose  one  kilogram  of  water  at  4°,  that 
is  at  its  greatest  density,  contained  in  a  cylindrical  vessel  of  one 
square  decimeter  in  cross-section.  The  depth  of  the  water  is 
then  exactly  one  decimeter.  If  this  water  is  raised  one  degree 
in  temperature  it  expands,  according  to  the  elaborate  experi- 
ments of  Kopp,  about  0.000006  of  its  volume  at  4°.  The  water 
thus  rises  in  the  vessel  about  0.000006  of  a  decimeter,  and 
through  this  distance  the  atmospheric  pressure  of  about  103.34 
kilograms  per  square  decimeter  is  overcome.  We  have  there- 
fore the  outer  work  equal  to  103.34  x  0.000006  =  0.00062004  deci- 
meter  kilograms.  But  since  the  mechanical  equivalent  of  the 
heat  imparted  is  424  meter  kilograms,  the  outer  work  is,  as  we 
see,  very  small  in  comparison.  The  disgregation  work,  or  the 
work  expended  in  separating  the  particles,  is  also  very  small. 
Thus,  according  to  the  experiments  of  Grassi,  the  coefficient  of 
compression  of  water,  that  is,  the  amount  it  is  compressed  by 
an  increase  of  pressure  of  one  atmosphere,  is  only  0.00005  of 
its  volume  when  the  compression  takes  place  between  4°  and  5°. 
If,  then,  we  increase  the  pressure  upon  the  water  in  our  vessel 
by  one  atmosphere,  the  water  is  compressed  about  0.00005  of  a 
decimeter.  This  corresponds  to  a  work  therefore  of  0.00005 
X  103.34  =  0.005167  decimeter  kilograms.  We  see  thus  that 
the  disgregation  work  is  also  very  small.  We  may,  therefore, 
for  slight  rise  of  temperature,  disregard  the  entire  disgregation 
work  for  solid  and  liquid  bodies. 

Since  for  high  temperatures  the  coefficient  of  expansibn  in- 
creases, that  is,  the  increase  of  volume  for  a  rise  of  1""  is  greater, 
the  disgregation  work  must  increase,  and,  for  the  same  amount 
of  heat  imparted,  the  vibration  work  or  sensible  heat  be  pro- 
portionally less.  If  the  increase  of  this  last  is  the  same  as 
before ;  that  is,  if  the  body  at  the  higher  temperature  is  raised 
also  1"",  then  the  total  heat  imparted  is  greater  than  before. 
We  see,  therefore,  the  reason  why  the  spedjic  heat  increases  toith 
the  temperature. 

It  is  also  a  fact  that  liquid  bodies  expand  more  for  the  same 
rise  of  temperature  than  solid.  It  is  therefore  very  probable 
that  the  same  body  has  a  greater  coefficient  of  expansion  when 
in  the  liquid  condition  than  when  solid ;  and  this  renders  it 
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also  probable  that  the  specific  heat  of  a  body  when  liquid  is  greater 
than  when  solid.  For  many  bodies  this  has  already  been  con- 
firmed by  careful  experiments. 

Specific  Heat  for  Constant  Volume  and  for  Constant  Pressure. — 
If  we  conceiTe  a  body  so  confined  that  it  cannot  expand  when 
it  is  heated,  then  all  the  heat  imparted  goes  to  increase  the 
vibration  work,  and  there  is  no  disgregation  work  or  outer 
work  at  all.  For  the  same  amoimt  of  imparted  heat,  therefore, 
the  sensible  heat  will  be  greater  than  when  the  body  is  free  to 
expand.  Inversely,  a  less  amount  of  heat  would  be  necessary 
to  cause  a  certain  rise  than  when  free  to  expand. 

The  amount  of  heat  measured  in  heat  units  which  must  be 
imparted  in  order  to  raise  one  kilogram  weight  of  any  body 
1°  in  temperature  when  expansion  cannot  take  place,  is  called 
the  "specific  heat  for  constant  volume,'' 

We  call,  on  the  other  hand,  that  amoimt  of  heat  which  is 
necessary  to  raise  the  same  unit  weight,  one  kilogram  of  any 
body,  1°  in  temperature,  when  the  body  is  allowed  to  expand 
under  the  constant  pressure  of  the  atmosphere,  the  "specific 
heat  for  constant  pressure.''  It  must  evidently  be  greater  than 
the  first,  because  heat  is  required  to  perform  the  disgregation 
work  and  outer  work  which  take  place  in  the  second  case. 

[Both  these  specific  heats  refer  to  the  unit  of  toeight,  and  are  therefore 
**  weight  capacities/'  the  one  under  constant  volnme  and  the  other  under  con- 
stant pressure.  We  might  also  have  two  "  volume  capacities"  in  the  same 
circumstances.  No  use  is  made  of  such  quantities.  "Specific  heat"  refers 
always  to  the  unit  of  weight,  and  indeed,  unless  distinctly  stated,  we  always 
understand  a  eorutant  volume  to  he  presumed.] 

[The  following  tables  give  the  mean  specific  heats  for  constant  pressure  of 
the  substances  named,  according  to  Regnault.  These  specific  heats  are  average 
values,  taken  at  temperatures  which  usually  come  under  observation  in  tech- 
nical applications.  The  actual  specific  heats  of  all  substances,  in  the  solid  or 
liquid  states,  increase  slowly  as  the  body  expands  or  as  the  temperature  rises, 
and  when  great  accuracy  is  required  tables  of  specific  heats  must  be  consulted, 
which  will  give  these  quantities  with  greater  definiteness  at  special  tem- 
peratures. 

SOUDB. 


Antimony 0.0508 

CJopper 0.0951 

Gold 0.0324 

Wrought  Iron 0.1138 


Steel  (soft) 0.1165 

Steel  (hard) 0.1175 

Zinc 0.0956 

Brass 0.0039 
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SOLIDS — Continued, 


Glass 0.1987 

Cast  Iron 0.1298 

Lead 0.0814 

Platiniim 0.0824 

Silver 0.0570 

Tin 0.0562 


Ice 0.5040 

Sulphur 0.2026 

Cliarcoal 0.2410 

Alumina 0.1970 

Phosphorus 0.1887 


LiQums. 


Water 1.0000 

Lead  (melted) 0.0402 

Sulphur  "       0.2840 

Bismuth  ''       0.0808 

Tin  "       0.0687 

Sulphuric  Acid 0.8850 


Mercury 0.0888 

Alcohol  (absolute) 0.7000 

Fusel  OU 0.5640 

Bensine 0.4500 

Ether 0.5084 


Air 

Oxygen 0.21751 

Hydrogen 8.40900 

Nitrogen 0. 24880 

Superheated  Steam 0.4805 

Carbonic  Acid 0.217 

defiant  Gas „ 0.404 

Carbonic  Oxide 0.2479 

Ammonia 0.508 

Ether. 0.4797 

Alcohol 0.4584 

Acetic  Acid 0.4125 

Chloroform 0. 1567 


GASES. 

Constant  Pressure.                         Constant  Yolnme. 
....  0.28751     0.16847 


0.15507 

2.41226 

0.17278 

0.846- 

0.1585 

0.173 

0.1758 

0.299 

0.8411 

0.8200 


•] 


QXTESnONS  FOB  EXAMINATION. 

Wbaterer  may  be  tbe  views  held  as  to  the  nature  of  heat,  what  have  we  thns  far  established  f 
Is  this  firmly  established  ?  What  are  the  proofs  t  What  do  yon  understand  by  "  living  force  ?  " 
What  by  "  inherent  energy  f'^  If  a  body  of  mass  m  has  a  velocity  v,  what  work  can  it  perform 
in  coming  to  rest  while  overcoming  resistance  ?  Is  the  setting  of  a  body  in  motion  "  work  ?  '* 
If  heat  is  a  motion  of  bodies.  Is  it  not  then  Identical  with  work  ?  If  It  Is  not  such  motion, 
should  we  expect  to  find  any  equivalence  ?   Do  we  find  any  equivalence  ?    What  Is  It  ? 

When  a  body  is  heated,  what  three  effects  are  In  general  produced  ?  In  what  does  the  rise  of 
temperature  consist  ?  What  three  works  are  performed  when  a  body  Is  heated  f  What  do  you 
understand  by  vibration  woric  ?  Disgregatlon  work  ?  Outer  work  ?  Inner  work  ?  How  do  we 
measure  heat  f  What  Is  a  "  heat  unit  ?  ^  To  what  is  the  amount  of  heat  imparted  to  a  body 
proportional  ?  How  many  heat  units  are  equivalent  to  2190  meter-kilograms  ?  How  many  meter* 
kUograms  are  equivalent  to  12  heat  nnitB  f    What  does  A  denote  in  our  notation  ?   If  i7  is  work 
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expreesed  in  meter-kUograms,  and  Q  is  amount  of  heat  given  in  heat  anits,  what  is  the  general 
equation  between  them  ?  What  is  the  general  relation  between  Q  and  the  vibration  work  (W\ 
disgregation  work  {J),  and  outer  work  (L)  ?    What  doesi  27  denote  iif  our  notation  ? 

Define  "  Bpecific  volume  "— "  specific  pressure."  What  does  v  denote  ?  What  does  V  de- 
note ?  What  do  you  understand  by  "  body  tension  ? "  What  is  the  relation  between  body 
tension  and  outer  pressure  which  is  assumed  unless  otherwise  stated  ? 

In  the  equation  Q  =  A  iW-{-J-\-L)^  what  do  the  letters  denote  f  Give  a  familiar  example 
where  W  is  zero.  What  other  examples  can  you  think  of  ?  I>efine  **  latent  heat  ?  "  What  is 
the  latent  beat  of  steam  ?  Give  a  familiar  example  in  which  L  is  negative.  Can  increased  press- 
ure raise  the  melting  point?  Under  what  circumstances  is  this  true,  and  why  ?  Give  a  familiar 
example  where  J  \&  zero. 

When  a  gas  is  heated,  wliat  works  are  performed  ?  When  a  gas  is  not  free  to  expand,  does 
it  require  more  or  less  heat  to  raise  a  giveu  weight  of  it  a  given  number  of  degrees  ?  Why? 
When  a  gas  can  expand  when  heated,  what  works  does  the  heat  imparted  perform  ?  When  it 
can  not  expand  ?  What  is  the  outer  work  in  the  latter  case  ?  Can  the  outer  work  ever  be  nega- 
tive ?    Give  a  familiar  example. 

When  we  abstract  heat  from  a  body  what  occurs  in  general  ?  Can  L  ever  be  positive  in  this 
case?    Give  an  example.    Is  TF ever  equal  to  zero  ?    Give  examples. 

Define  exactly  what  you  understand  by  "specific  heat."  Why  is  it  called  "specific?" 
What  is  the  specific  heat  of  water  ?  If  the  specific  heat  of  iron  is  I'trth,  what  does  tliat  mean  ? 
What  do  you  understand  by  *'  volume  capacity  "  for  heat  ?  What  by  "  weight  capacity  ?  "  How 
can  you  find  the  volume  capacity  from  the  weight  capacity  ?  Wliat  is  real  specific  heat  ?  Appar- 
ent specific  heat  ? 

What  is  the  disgregation  work  in  solids  and  liquids  ?  How  does  it  compare  with  the  vibra- 
tion work  ?  Can  you  illustrate  this  ?  What  do  yon  understand  by  coefficient  of  expansion  ? 
Why  does  the  specific  heat  increase  with  the  temperature  ?  Why  should  the  specific  heat  of  a 
body  when  liquid  be  greater  than  when  solid  ?  What  do  you  understand  by  specific  heat  for 
constant  volume  ?  What  for  constant  pressure  ?  Which  is  the  greatest  ?  Why  ?  When  we 
simply  say  *<  specific  heat,"  without  further  limitation,  what  do  we  mean  ? 

What  do  you  mean  by  latent  heat  of  water  ?  Would  it  be  correct  to  say  latent  heat  of  ice  ? 
Why  not  ?  If  co  is  the  specific  heat  for  constant  volume,  how  many  units  of  heat  would  1m 
necessary  to  raise  k  kilograms  of  a  body  t  degrees  ? 

How  many  pounds  of  mercury  at  the  temperature  of  800°  are  required  to  raise  15  ponnds  of 
water  f  ronx  60°  to  TO"  ? 

If  two  liquids  liave  the  weights  w  and  w'y  the  temperatnres  t  and  t\  and  the  specific  heats  c 
and  (/  respectively,  what  is  the  temperature  of  the  mixture  ? 

Reduce  -  40°  Fahr.  to  Centigrade  degrees.  Beduce  -  S78°  C.  to  Fahrenheit  degrees.  How 
do  you  reduce  generally  Fahrenheit  to  Centigrade  degrees,  and  tics  venaf 

What  outer  work  is  performed  when  2  pounds  of  air  are  heated  from  00°  to  70°  Fahr.  under 
the  pressure  of  the  atmosphere  ?    What,  when  8  kilograms  are  heated  from  0°  to  1°  C  ? 

Wliat  is  the  specific  heat  of  air  under  constant  volume  ?  Under  constant  pressure  ?  Show 
how  to  find  from  these  the  mechanical  equivalent  in  French  measures  ?  '  In  English  measures  ? 

See  Examples  for  practice  at  end  of  volume. 


CHAPTER  IV. 


EXPANSION  OF  GASES. — SPECIFIO    HEAT    OF    GASES. — ^DETERMINATION 

OF  MECHANICAL  EQUIVALENT  OF  HEAT. 

Hxpansion  of  Oases  when  Heated, — ^As  we  have  just  seen,  the 
disgregation  work  and  the  outer  work  are  very  small  indeed 
for  solid  and  liquid  bodies,  and  in  comparison  with  the  vibra- 
tion work  may  be  neglected.  But  for  gaseous  bodies  it  is  dif- 
ferent. Here  there  is  no  attraction  between  the  molecules,  or 
if  any,  it  is  exceedingly  small,  so  that  there  is  no  disgregation 
work.  AU  the  heat  imparted  to  a  gas  goes,  therefore,  to  increase 
the  vibration  work,  that  is,  to  raise  the  temperature  and  to 
perform  outer  work.  This  last  is,  for  gases,  much  greater  than 
for  solid  and  liquid  bodies,  because  they  expand  much  more 
for  the  same  rise  of  temperature. 

Let  us  now  seek  to  ascertain  the  amount  of  this  expansion, 
as  well  as  the  other  properties  of  gases. 

Suppose  that  below  the  piston  EF,  Fig.  11,  in  the  cylinder 
ABCD,  we  have  one  cubic  meter  of  air  at  0''  and 
ordinary  tension,  corresponding  to  760"""-  of  the 
barometer.  This  air  weighs,  then,  according 
to  the  experiments  of  Begnault,  1.29318  kilo- 
grams. If,  now,  we  heat  the  air,  it  expands  for 
every  degree  ^^^  =  0.00367  of  its  volume.  This 
coefficient  has  been  determined  by  Begnault 
and  Magnus  from  a  series  of  very  careful  ex- 
periments. It  is  therefore  the  co^ffUAefrd  of  eoo- 
pavsion  of  air. 

If,  now,  this  air  volume  of  one  cubic  meter 
is  heated  to  2,  3,  4,  etc.,  degrees,  it  expands 

2  X  ,^,  3  X  ^,  4  X  ^7,  etc.,  or  2  x  0.00367, 

3  X  0.00367,  4  x  0.00367,  and  the  original  cu- 
bic meter  becomes,  at  these  several  tempera- 
tures. 


B 


Fie.  11. 
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1  +  2  X  0.00367  cubic  meters, 
1  +  3  X  0.00367     " 
1  +  4  X  0.00367     " 

eta    If  heated  to  r,  we  have,  therefore, 

1  +  0.00367«  cubic  meters. 

If  instead  of  one  cubic  meter  we  had  2,  3,  4,  or  in  general  V 
cubic  meters  to  start  with,  we  should  have  when  heated  to  f^ 

2  (1  +  0.003670,     ' 

3  (1  +  0.003670, 
4(1+0.003670, 

or  generally 

F(l  +  0.003670  cubic  meters.    .    .    .    (HL) 

If  heated  to  lOO"",  the  one  cubic  meter  becomes 

1  +  0.00367^  =  1  +  0.00367  x  100  =  1.367  cubic  meters, 

and  if  heated  273"*,  we  have 

1  +  y|]f  X  273  =  1  +  1  =  2  cubic  meters. 

If,  therefore,  air  is  heated  from  (f  to  273°,  it  expands  to 
double  its  original  volume. 

This  law,  according  to  which  air  expands,  is  called  the  law 
of  Guy-Lussac. 

It  is  evident  that  the  density  of  the  air  under  the  piston  EF^ 
or  the  weight  of  a  unit  of  volume,  diminishes  as  the  volume 
increases.  Since,  for  example,  when  heated  273°,  our  one  cubic 
meter  becomes  two,  and  yet  still  weighs  1.29318  kilograms,  the 
density  at  this  temperature  is  only  one-half  of  that  at  0°. 

Since  the  densities  of  two  bodies  are  inversely  as  their  vol- 
umes, provided  that  the  weights  are  the  same,  we  can  find  the 
density  -D,  of  the  air  for  tmy  temperature  f,  from  the  propor- 
tion, 

l:i)  =  F(l  + 0.003670  :r, 

where  we  assume  the  density  at  0°  =  1,  and  the  volume  at  this 
temperature  =  V. 
We  obtain,  therefore,  the  density  for  any  temperature  f, 

V  1 

^  ^  r(l  +  0.003670  ""  TTb.00367y  '  '   ^'^ 
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For  example,  for  ^  =  10°  and  e  =  100°,  we  have  D  =  j — r^  g 

=  0.9646,  or  i>  =  i-— -A^o^  =  0.7316.    One  cubic  meter  of  air 

at  10°  weighs, .therefore, 

0.9646  X  1.29318, 

and  at  100°, 

0.7316  X  1.29318  kilograms. 

The  weight  of  one  cubic  meter  of  air  at  ordinary  tension 
(760"™-  of  barometer)  and  f  temperature,  is,  therefore, 

r.  1.29318 

*  "■  1  +  0.00367^  ' 

and  that  of  F  cubic  meters  is 

^^T^mm-^^'^'^  •  •  .  (V.) 

Thus,  for  example,  3  cubic  meters  of  air,  at  ordinary  press- 
ure  and  20°  temperature,  weigh 

^  =  rTs!6ok7'T20  =  ^-^^^  kilograms. 

We  see  from  the  preceding  that  the  expansion  of  air  for  the 
same  rise  of  temperature  is  much  greater  than  for  solid  and 
Uquid  bodies.  Experiments  have  also  shown  that  this  expan- 
sion is  Tery  nearly  the  same  for  all  gases.  Thus  Begnault 
found  for  the  coefficient  of  expansion  of  hydrogen  0.003661,  and 
for  carbonic  acid  0.003710. 

It  seems  also  proved  by  experiment  that  the  coefficients  of 
expansion  of  such  gases  as  are  most  easily  liquefied  by  cold 
and  pressure,  as,  for  example,  carbonic  acid,  are  greater  than 
for  those  which  are  most  difficult  of  liquefaction.  We  accord- 
ingly assume  that  between  the  molecules  of  such  bodies  there 
is  a  certain,  though  small,  amount  of  attraction,  which  even  for 
the  so-called  "permanent"  gases  is  not  entirely  zero. 

Experiments  have  also  shown  that  the  coefficient  of  expan- 
sion increases  as  the  pressure  increases.  In  the  case  of  air, 
as  represented  in  the  figure  above,  the  piston  is  pressed  by 
the  atmosphere.    If,  however,  the  pressure  is  greater,  the  co- 
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efficient  of  expansion  increases  as    shown  in  the  following 
table : 

Pressure  in  Coefficient 

liillimeters  of  of 

Barometer.  Expansion. 

^.  j    760 ..0.0036706 

\  2525 .0.0036944 

TT  ,  (    760 0.0036613 

^y^'^«'^ 12520 0.0036616 

r.    u     •        'A      {    760 0.0037099 

Carbonic  acid. .  •<  «^,^  ^  /^/v«o.,ee 

( 2545 0.0038455 

[We  give  below  the  coefficients  of  linear,  surface,  and  cubic  expansion,  that  is, 
the  amount  by  which  a  piece  of  unit  length  area  or  volume  is  increased  for  a  rise 
of  temperature  of  one  degree  C,  counting  from  zero,  under  pressure  of  the  atmos- 
phere. 


Lead 

Glass 

Platinum 

Gold 

Cast  Iron 

Copper 

Brass 

Silver 

Bar  Iron 

Steel  (untempered) . . . . 

Steel  (tempered) 

Zinc 

Tin 

Mercury 

Water* 

Gases 


Cubic  Expansion 


0.00008545 
0.00002584 
0.00002653 
0.00004398 
0.00003330 
0.00005155 
0.00005603 
0.00005726 
0.00003705 
0.00003236 
0.00003791 
0.00008825 
0.00005813 
0.00018018 
0.00046600 
0.003665 


Surface  Expansion 
85. 


0.00005697 
0.00001723 
0.00001768 
0.00002932 
0.00002220 
0.00008436 
0.00003735 
0.00003817 
0.00002470 
0.00002158 
0.00002479 
0.00005883 
0.00003875 
0.00012012 
0.00031066 


Linear  Expansion 
6. 


0.00002848 
0.00000861 
0.00000884 
0.00001466 
0.00001110 
0.00001718 
0.00001868 
0.00001908 
0.00001235 
0.00001079 
0.00001240 
0.00002942 
0.00001938 
0.00006006 
0.00015533 


ttbW 

SOt'du 

nrrrtf 
TiVv 


The  force  of  expansion  or  contraction  of  a  prismatic  piece  for  a  change  of 

temperature  of  V  is 

P=  diFE 

where  S  is  the  coefficient  of  expansion,  E  the  coefficient  of  elasticity,  and  F  the 
area  of  cross-section.] 

Mechanical  Work  Perform&di  by  the  Air  during  Expansion, — Let 
us  now  compute  the  mechanical  work  which  one  cubic  meter 
of  air  performs  during  expansion. 

We  assume  that  the  piston  EF  has  an  area  of  one  square 
meter,  and  is  therefore  at  a  distance  of  one  meter  above  the 


*  The  expansion  of  water  is  ver}*  different  for  different  tcmperatares. 


EXPANSION  AND  8PEGTFI0  HEAT  OF  GASES,         141 

bottom  of  the  yessel  ABCD,    If,  then,  the  air  is  heated  273°, 

the  piston  wiU  be  raised  one  meter,  and  the  air  pressure  wiU 

be  overcome  through  this  distance.    This  pressure,  at  0^  tem- 

perature  and  760"™-  height  of  barometer,  is  10334:  kilograms  per 

square  meter ;  so  that  the  work  performed  by  the  expanding 

air  is 

10334  X  1  =  10334  meter-kilograms. 

But  one  cubic  meter  of  air  at  0°  weighs  1.29318  kilograms, 
and  hence  the  work  performed  by  one  hUogram  of  air  under  the 
same  conditions  would  be 

1  QQQiQ  ~  7991.15  meter-kilograms. 

When,  therefore,  we  heat  one  cubic  meter  of  air,  free  to  ex- 
pand under  atmospheric  pressure,  from  0°  to  273°,  we  not  only 
increase  the  vibration  work,  but  we  also  obtain  an 'outer  work 
of  not  less  than  10334  meter-kilograms.  We  see  that  the  outer 
work  in  the  case  of  solids  and  liquids  is  not  to  be  compared  to 
this. 

Heating  under  Constant  Volume. — K  we  conceive  the  piston 
EF  to  be  fixed,  so  that  it  cannot  be  raised  when  the  air  is 
heated,  then  evidently  no  outer  work  can  be  performed.  All 
the  heat  imparted,  therefore,  goes  to  increase  the  vibration 
work  or  to  raise  the  temperature.  With  the  temperature  the 
expansive  force  of  the  air  or  the  pressure  upon  the  piston  also 
increases,  and  becomes,  as  shown  by  experiment,  for  each  de- 
gree 7^3^  =  0.00367th  greater ;  that  is,  the  pressure  increases 
in  the  same  degree  as  the  volume  increased  in  the  first  case. 

If  we  denote  the  pressure  per  square  meter  at  0°  hjp,  then 
the  pressure  for  a  rise  of  1 :  2,  3 ....  ^°  will  be 

i>  +  2.7+yi)=i).(l+7f7). 


p^t.^p=p{l+^)=p{l-h0.00367t)    .    .     (VI.) 

For  t  =  273°,  the  pressure  is  evidently,  2jp,  or  twice  as  great 
as  for  0°. 

When,  therefore,  air  is .  heated  under  constant  volume,  the 
expansive  force  increases  with  the  temperature. 
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This  law  is  also  known  as  that  of  Gay-Lnssac. 

It  may  be  explained  according  to  onr  theoretical  yiews  as 
follows : 

When  heat  is  imparted  to  the  air,  the  Telocity  of  the  atoms 
is  increased.  But  the  greater  this  velocity,  the  greater  the 
number  of  impacts  in  the  same  time  against  the  piston.  The 
greater  the  number  of  impacts  in  the  same  time,  the  greater 
the  pressure  of  the  expansive  force  of  the  gas. 

Ahsdute  Zero  of  Temperature, — Since,  now,  for  each  rise  of 

one  degree,  the  expansive  force,  or  what  is  the  same  thing,  the 

living  force  of  the  atoms  is  increased  ^^^d  of  that  at  0"*,  and  for 

every  fall  of  one  degree  is  diminished  ^^^^d ;  for  a  fall  of  273°, 

the  living  force  of  the  atoms  must  be  zero.    We  call  therefore 

the  temperature 

-  273°  0. 

the  "  ahsdiUe  zero.**  * 

It  is  from  this  point  that  we  should  properly  reckon  the  ve- 
locity of  the  atoms  of  a  body,  or  its  living  force,  or  finally,  its 
temperature.  It  therefore  plays  an  important  part  in  the  me- 
chanical theory  of  heabt 

*  [It  has  been  objected  to  this  feasoning  that  the  coefficient  of  expansion  ?4^id.  is  not  the  same 
for  all  gaaes,  that  It  varies,  especially  near  the  point  of  liqiiefactionf  and  that  it  also  depends 
npon  the  temperature  in  some  relation  not  yet  fally  known.  Thas  for  each  gas  there  is  a  dif- 
ferent absolute  zero,  and  nothing  jnstifies  the  assumption  of  this  special  one.  It  has  even  been 
termed  "  one  of  thore  false  hypotheses  which  tend  to  retard  the  development  of  science." 

It  is  true  that  the  reasoning  above  seems  open  to  these  objections,  but  this  is  not  really  the 
reasoning  by  which  the  absolute  zero  is  properly  determined.  The  true  reasoning  cannot  be 
presented  in  an  elementary  manner  without  the  aid  of  the  higher  mathematics.  It  is  proved 
generally  by  the  principles  of  the  mechanical  theory  of  heat,  that  there  is  a  point  at  which  the 
living  force  of  the  atoms  would  be  zero,  and  that  this  point  must  be  VumiMfor  aUbodUs,  whether 
there  is  dlpgr^^ation  worlc  or  not.  In  some  cases  part  of  the  expansive  force  has  to  perform  more 
disgregation  work,  in  others  less.  In  the  text  we  have  simply  endeavored  to  simplify  the  deter- 
mination, and  to  illustrate  its  physical  significance  by  taking  a  body  in  which  the  disgregation 
work  is  nearly  zero,  and  thns  making  our  experiments  npon  a  gas  at  a  point  for  which  this 
assumption  Is  known  to  be  approximately  correct.  Whether  this  seems  perfectly  correct  or  not, 
the  fact  remains  that  the  absolute  zero  is  a  point  which  has  a  definite  physical  significance,  and 
which  is  capable  of  more  or  less  accurate  determinntlon,  for  all  bodies,  whether  perfect  gases  or 
not.  It  lias  thus  been  found  to  be  very  closely  -  278*'  C.  for  bodies  In  which  the  disgregation 
work  is  not  zero.  But  even  if  it  had  no  physical  significance,  which  it  has,  and  if  the  al>ove  con- 
clusion were  founded  npon  the  consideration  of  a  body  possessins:  purely  hypothetical  properties, 
which  is  not  the  case,  still  it  would  not  follow  that  the  determination  of  such  a  point  would  be 
without  value.  The  coefficient  qf  ekuticity  is  also  a  purely  supposititious  force,  which  will  stretch 
a  purely  hypothetical  body  by  its  own  length,  and  yet  it  is  of  considerable  use  in  determinations 
of  strength  and  flexure  of  bodies,  and  can  scarcely  be  considered  a<)  "  retarding  the  development 
of  science." 

Let  it  be  remembered,  then,  that  there  is  an  absolute  zero,  and  that  St  is  the  same  for  00 
bodies,  and  is  very  closely  —  27y  C,  as  determined  by  experiment.] 

t  This  corresponds  to  -450.''4  by  Fahrenheit's  scale. 


EXPANSION  AND  'SPECIinO  HEAT  OF  OASES. 


143 


Since  in  the  last  experiment  no  outer  work  in  performed,  bat 
all  the  heat  imparted  goes  to  increase  the  vibration  work,  we 
ought  to  expect  the  amount  of  heat  necessary  to  be  imparted 
for  a  certain  rise  of  temperature  to  be  less  than  in  the  first 
case,  where  outer  work  is  performed.  This  conclusion  is  con- 
firmed by  many  and  various  observations. 

[We  give  here  tables  of  the  most  remarkable  temperatures  : 

Greatest  artificial  cold —  140**  C. 

Mercury  freezes —  89.4** 

Ice  melts 0** 

Greatest  density  of  water 4° 

Blood  heat 86.6' 

Water  boils 100' 

Bed  heat ', 526° 


MELTING  FODTT  OF  DIFFERENT  8T7BSTANCES. 


Platinum 

Wrought  Iron. . 

Steel    

Cast  Iron  (gray). 

"      "   (white) 

Gold  1100  to.  .. 

Copper  1050  to.. 

Silver 

Bronze 

Antimony 

Zinc 

Lead 

Bismuth 


0°. 

* 

C 

2500 

1600 

1400 

1200 

1050 

1250 

1200 

1000 

900 

432 

860 

830 

260 

Tin 

230 

5  Tin,  1  Lead 

194 

8  Bismuth,  8  Tin,  5  Lead 

4  B.,1T.,1  Lead(Rose's  metal) 
Sulphur 

100 

94 

109 

Yellow  Wax 

61 

Soda 

Potash 

90 

58 

Stearine 

49-48 

Paraffine 

46 

Phosohorus 

48 

Oil  Tumentine 

-10 

Mercury 

-89 

Water 

0 

BOILING  POINT  OF  DIFFERENT  SUBSTANCES. 


Mercury 

Sulphuric  Acid 

Sulphur 

Oil  Turpentine 


C. 


350 
825 
440 
156 


Linseed  Oil 

Nitric  Acid 

Alcohol  (spec.  gr.  0.79  at  20'). 

Sulphuric  Ether 

Sulphurous  Acid 


816 

86 
78.4 
35 
-10] 


Calcvlatton  of  the  Mechanical  Equivalent  of  Heat. — ^When  the 
heated  air  is  &ee  to  expand  and  oTercome  the  outer  air  press- 
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ure,  the  amount  of  heat  necessary  to  be  imparted  to  one  kilo- 
gram, in  order  to  cause  a  rise  of  temperature  of  one  degree  is 
0.23751  heat  units.  This  is  the  "  specific  heat "  of  air  for  constant 
pressure.  The  exact  determination  of  this  number  is  due  to 
Begnault. 

If  the  heated  air  cannot  expand,  if,  therefore,  the  volume  re- 
mains constant,  only  0.1684  heat  units  are  necessary  in  order 
to  raise  one  kilogram  one  degree.  This  is  the  "  spedf/^  heaJt " 
for  constant  volume. 

The  specifixi  heat  of  the  air,  for  constant  pressure,  is,  therefore, 

hTAftZr  ~  I'^IO  times  greater  than  that  for  constant  volume. 

This  number  has  been  determined  by  a  score  of  observations 
made  in  different  ways. 
The  excess  of  heat, 

0.23751  -  0.16847  =  0.06904 

heat  units,  is  that  which  goes  to  the  performance  of  outer 
work. 

We  have  already  seen  that  when  one  kilogram  of  air  is  heated 
from  0"^  to  273"",  and  is  free  to  expand  under  the  air  pressure, 
the  outer  work  is  7991.15  meter-kilograms.  K  heated  from  0° 
to  1°,  then  the  outer  work  is 

—n^ —  ==  29.272  meter-kilograms. 

This  number  we  denote  generally  in  the  mechanical  heat- 
theory  by  the  letter  JR.*  A  work  of  29.272  meter-kilograms 
corresponds  to  an  expenditure  of  heat  of  0.06904  heat  units. 
One  unit  of  heat,  then,  corresponds  to 

'  Juim(\i  ~  ^3-98  meter-kilograms. 

This  result  agrees  perfectly  with  that  found  by  Joule  as  the 
mean  of  a  large  number  of  experiments.  We  can  now  easily 
deduce  a  general  formula  for  the  mechanical  equivalent 

If  we  denote  the  specific  heat  of  air  for  constant  volume,  that 
is,  the  number  0.1687,  by  c,„  and  that  for  constant  pressure,  or 
0.23751,  by  c^,  then  the  difference  Cp  —  c„  denotes  the  amount 

*  iFor  Fahrenheit  degrees  and  foot  lbs.  B  s  68.854.  The  Btadent  will  do  well  to  make  the 
calcolation.] 
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of  heat  corresponding  to  the  outer  work  of  29.272  meter-kilo- 

gramsy  or  to  the  work  R.    For  one  unit  of  heat,  therefore,  we 

1 
obtain  the  mechanical  work  (mechanical  equivalent)  -^  >  fi^om 

the  proportion 

Cp  ^~  C|;    •  X    •   ■   jcl    •  ~~2  • 

A 
Hence  we  have  -^  = • 

A        Cp  —  Cy 

Since  c^  =  L41ci;,  we  have,  when  we  substitute  for  1.41  the 
letter  ky 

JO.  CytC     "■"    Cy 

or,  since  it  is  customary  to  write  (7»  without  the  index, 

If  we  assume  the  older  determination  of  the  specific  heat  for 
constant  pressure  of  Delaroche  and  B^rard,  of  0.267,  we  obtain 
a  smaller  value  for  the  mechanical  equivalent  It  is  thus  that 
Mayer  found  (1842)  the  number  365,  Holtzmann  (1845)  374, 
and  Clausius  (1850)  370. 

[The  value  of  ^  in  French  measures  and  Centigrade  degrees  4s,  as  we  have 
seen,  for  air  ^.372  meter-kilograms.  We  give  here  the  values  of  R  for  other 
gases  both  in  French  measures  and  in  English  measures  for  both  Centigrade  and 
Fahrenheit  degrees. 

French  Meanires.  Engllah  Measures. 

Centignide.  Cent.  Fahr. 

Air 20.272  meter-kil. .. .    96.0876  68.854  foot  lbs. 

Nitrogen 30.134        **        ....     98.867  54.926 

Oxygen 26.476        "       ....    86.862  48.257        " 

Hydrogen 422.612        "       ....1386.579  70.322        " 

These  can  all  be  calculated  from  the  formula 

p  —  ^p""^p  ^  py  ^  _P_ 

A       ^   T^yT* 
where  y  is  the  density,  or  weight  of  one  cubic  unit  of  volume. 

The  yalue  of  -j-  is  424  meter-kilograms  for  French  measures  and  Centigrade 

degrees,  1,390  foot  lbs.  for  English  measures  and  Centigrade  degrees,  and  772 
foot-pounds  for  f^nglish  measures  and  Fahrenheit  degrees. 

10 
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We  give  below  the  values  of  Cp  and  ev, 

Cp  Weight  of       Weight  of 

^.  k=:  -^,  Cp,         ICubK  Meter  1  Cubic  Foot 

CO  in  Kilognuns.     in  Ponnda. 

Air 0.16847        1.4098  0.23751. . .  .1.2»318. . .  .0.08078 

Nitrogen 0.17278        1.4114  0.24380. . .  .1.25616. . .  .0.07860 

Oxygen 0.15507        1.4026  0.21751 ....  1.42980. . .  .0.08926 

Hydrogen 2.41226        1.4132  3.40900 . . .  .0.08957. . .  .0.00559] 


Inci'jease  of  the  Expansive  Force  by  Compression,  —  Mariotte's 
Law. — When  we  heat  the  air  without  allowing  it  to  expand,  its 
expansive  force  increases  at  the  cost  of  the  heat  imparted,  but 
its  density  remains  the  same.  Let  ns  now  increase  the  expan- 
sive force  in  another  way,  viz.,  by  compressing  the  air.  Accord- 
ing to  our  principles  the  action  is  evident ;  for  by  compressing 
the  air  we  perform  mechanical  work,  and  this  can  always  re- 
place a  certain  amount  of  heai 

If,  then,  we  assume  below  the  piston  EF,  Fig.  12,  one  cubic 
meter  of  air  at  0""  temperature  and  atmospheric  pressure,  the 

expansive  force  will  increase  as  the  piston  is 
forced  down.  If,  for  example,  the  air  is  com- 
pressed into  half  its  former  yolume,  its  tension  is 
twice  as  great ;  if  compressed  to  one-fourth  of  its 
former  volume,  its  tension  is  four  times  as  great ; 
and  so  on.  In  such  case  we  assume,  indeed,  that 
the  temperature  is  kept  constant,  viz.,  atO\  In  the 
same  degree  in  which  the  tension  increases,  the 
density  evidently  increases  also. 

This  law,  according  to  which,  for  constant  tern-- 
peraturcy  the  tension  of  a  gas  increases  as  its 
yolume  decreases,  is  called  Mariotte^s  law. 
This  law  also  is  a  necessary  consequence  of 
our  assumptions  as  to  the  constitution  of  gases. 

Every  atom  in  the  cubic  meter  of  air  makes  at  0"^  a  certain 
number  of  impacts  upon  the  piston,  and  thus  causes  a  certain 
pressure.  If,  at  the  same  temperature,  the  gas  only  occupies 
half  its  original  volume,  the  atom  makes  in  the  same  time 
double  as  many  impacts,  because  its  velocity  (temperature)  is 
the  same,  and  it  has  only  half  as  far  to  go.  Its  pressure  upon 
the  piston  is  therefore  twice  as  great,  and  since  this  is  the 
case  with  all  the  atoms,  the  tension  of  the  entire  mstss  must  be 
twice  as  great 


Fio.  18. 
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If  we  denote  the  volume  of  air  by  Fi  and  its  tension  by  p^ 
(upon  the  square  meter),  then  change  the  volume  Vi  into  Fs, 
and  the  pressure  p^  into  ^  we  have,  according  to  Mariotte's  law, 

>^i :  ^2 : :  1^ :  i>i,  or 
VxPi  =  V^p^ 

If  the  volume  V^  with  the  tension  p^  is  changed  to  Vz  with 
the  new  tension  p^  we  have, 

Vt\Vz:\pi'.p^or 
VtPi  =  Fipsj. 

Comparing  with  the  above,  we  have 

^1^=  Fa  Pi  =^8  Pi,  etc.  .     .    .     .     (VUJL.) 

"We  see,  therefore,  that  the  product  of  the  volume  and  press- 
ure is  constant,  provided  that  the  temperature  is  kept  the  same. 

As  now  the  expansive  force  increased,  the  density  also  in- 
creases, and  inversely. 

If  the  density  for  the  volume  Fl  is  2>],  and  for  V%  =  2>8,  we 
have 

FiiF, ::  A:A,  or 

On  the  other  h^nd, 

2)i:2>j  ::pi:pj. 

The  density  increases,  therefore,  inversely  as  the  volume,  and 
directly  as  the  tension. 

Example  l.^WhcU  is  the  weight  ofith  cubic  meter  of  air  at  0"  and  4  atmos- 
pheres f 

One  cubic  meter  at  0**  and  atmospheric  pressure  weighs  1.S0818  kilograms, 
hence  ith  of  a  cubic  meter  weighs  0.16165  kilograms.    We  have  then 

1:4::  0.16165 :  x. 
Hence 

a;  =  4  X  0.16165  =  0.6465  kilograms. 

Example  2.— TFAo^  is  the  votume  of  one  kilogram  of  air  at  0°  and  iih  atmos- 
phere f 

One  kilogram  of  air  at  0"*  and  at  atmospheric  pressure  has  a  volume  of 

1  2ft<^lft  ^  0.7788  cubic  meters.    Its  volume,  therefore,  at  a  tension  of  ^th  of  an 

atmosphere,  is  given  by 

0.7733  :  a; : :  i  :  1,  or 
jT  =  5  X  0.7783  =  8.8665  cubic  meters. 
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Mariotte^a  and  Ouy'I/uaacuJa  Laws  Combined. — ^If  we  denote 
the  Yoluiue  at  0°  and  ordinary  tension  by  V^  then  for  pressures 
of  2,  3,  4  j3|  atmospheres,  the  volume  will  be,  acoording  to 
Mariotte'.s  law, 

Y^   R    R  Y^ 

If  the  temperature  of  the  air  is  t^^  it  is  evident  that  for  the 
same  tension  jpi  its  volume  will  be  greater.  Since  for  each 
degree  the  air  expands  0.00367  of  its  volume,  the  volume  Vq 
will  become  at  ^°  V^  (1  +  0,00367^),  and  we  have 

^      To  (1+0.00367^) 

Pi 
Again,  if  the  tension  at  0°  were  jp^  the  volume  would  be 

p* 

at  0°,  and  if  the  temperature  were  V  instead  of  0°,  the  Tolmne 

would  be 

i7_^o(l+0.00367<,) 
r%  —  • 

P% 
We  have,  then, 

Ti  :  Ta  : :  ^  (1  +  0.00367«i)  :  ^  (1  +  0.00367*,), 
P\  P% 

or, 

Fi  _pi     1  +  0.00367^  .j^  X 

Tj'^ih  '  i +0.00367^'     •     '     •     ^       ^ 

The  law  expressed  by  this  formula  is  known  in  physics  as 
the  combined  law  of  Mariotte  and  Gay-Lussac. 
Since,  further,  the  volumes  are  inversely  as  the  densities, 

D%_p%     1  +  0.00367^1 


A     i>i     1  +  0.00367^, 


(X.) 


Example  1.— Jl  qwmiiity  of  air  o/  F,  =  1  cubie  meter,  t^  =  10°,  and  i^i  =  1 
aimosphere,  is  eompresaed  to  V^  =z  0.8  ofibic  meter,  and  tf  =  100°.  What  ie  ffte 
tension  f 

We  have  from  IX., 

J__jP,     1  +  0.00367  X  10  ^^_       1.0867 

0.8""  1   *  1-h  0.00867  X  100'  ^   ^'^-P%  ^  3^7  * 

«   _l>a5x  1.867  _  1.70875      .  «^  ,x^^^,^ 
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Example  2. — If  a  maaa  of  air  of  Vi—dO  cubic  tneiers,  i>i  =  1  aimoaphere, 

and  /j  =  10°,  in  passing  through  the  blotcing  apparatus  of  a  hiast  furnace  is 

heated  totf  =  200**  and  compressed  to  1.26  cUmospheres,  ulhai  will  he  its  new 

volume  f 

We  have  from  IX., 

80       1.26     1  +  0.00367  x  10 


F,  ■"    1       1  +  0.00867  X  200* 


or 


^        80  X  1.7840       00  Q     u-        * 
^»  =  1:26^1:6367  =  ^^-^  "^*^^"  °^"^ 

Example  8.— ijr  the  density  of  air  fw  p^=i  760"»-  height  oflaromdtr^  and 

ti=:0°is  1,  what  would  he  the  density  for  pt  =  750-»»*  and  ^^  =20°  f 

We  hare  from  X., 

^  _  750      1  +  0.00367  x  0 

1    ■"  760  '  i  +  0.00367  x  20 ' 

'  75  1  75 

^'  =  76  •  rOTSi  =  8T678i  =  *•»"''• 

and  henoe  the  weight  of  one  cubic  meter  in  the  new  condition  would  be  only 

1.29818  X  0.9195  =  1.189  kilograms. 

Trans/ormaiion  of  (he  last  two  FormulcB. — ^In  the  mechanical 
theory  of  heat  these  last  formulsB  are  pat  into  a  simpler  form. 
First  we  denote  the  coefficient  of  expansion  by  a^  and  can  thus 
write 

Tg      jpi      1  +  at^  '  2?^      ^1      i  +  at^  ' 

If  now  we  divide  numerator  and  denominator  of  the  right 
side  of  these  equations  by  a^  we  have 

1 
Since  now  01  =  j^^  and  hence  -  =  273,  we  have 

V^^Pt    273  + 1^  Rz^Pt    273  + 1^ 

Fg  ~ p^  '  273  +  ^g  2?i  "i>,  *  273  +  ^,' 

From  the  first  of  these  equations  we  have 

273  +  fi  ""  273  +  tt' 

In  like  manner  we  have  for  the  volume  F^  the  tension  j>si  and 
the  temperature  tz, 

ViPi     _     Kpi 
273  +  fi""273  +  <,' 
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We  have,  therefore,  generally^ 

273  +  ^     273  +  ^""273  +  <a'  '    *    ^      ^ 

It  thus  appears  that  the  above  quotients  have  a  constant 
value  for  any  "  perfect "  gas.* 

The  formuUe  hold  good^  evidently,  when  Vi  and  Fy  are  the 
"  specific  volumes/'  that  is,  the  volumes  of  the  unit  of  weight, 
as  the  kilogram. 

If  therefore  Vq  is  the  specific  volume  for  to  =  0°  and  atmos- 
pheric pressure  po,  and  Vt  that  for  the  temperature  ^  and  ten- 
sion jpi,  we  have 

-^Pl--^±h—    etc. 
273  +  ^""  273  +  ^' 

But  now  the  volume  Vq  for  the  pressure  po  and  temperature 
U  is  known.  For  since  1.29318  kilograms,  under  these  circum- 
stances, is  known  to  occupy  the  space  of  one  cubic  meter,  one 
kilogram  will  occupy 

1 


1.29318 


cubic  meters. 


This  is  therefore  the  specific  volume  Vq  at  0^ 
If,  now,  we  express  po  in  kilograms  per  square  meter,  or  put 
Po  =  10334  kilograms,  we  have 

VqPo     _  1:29318  "^  ^"^^  _       10334  10334 

273  +  ft»~        273  +  0        -1.29318  x  273.""  353.03814""  ^^"^'^ 


We  have  then 


ViPi       __      ViPi       __ 


=  29.272. 


273  +  f,      273  +  ti 

This  number  we  have  already  found  to  be  the  outer  work 
performed  under  atmospheric  pressure  by  one  kilogram  of  air 
when  its  temperature  is  raised  from  0°  to  I''.  This,  as  already 
remarked,  we  denote  by  B^  and  have  thus 

273  +  <o  "  273  -h  ^  "  273  +  t,'  ^"^^ 
where  Vo,  v^  t^  are  the  specific  volumes,  or  volumes  of  one  kilo- 

*  [Meaning  by  "  perfect  gas  "  one  between  whose  molecnlea  there  are  no  forces  of  attraction, 
or  one  so  far  removed  ttom  its  point  of  llqaefaction  that  the  disgrogatlon  work  maj  be  dis- 
regarded.] 
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gram  of  the  gas,  and  po,  Pn  Jh,  are  the  specific  pressures,  or 
pressures  upon  the  square  meter. 
If  ^  is  expressed  in  atmospheres,  we  have 

^  =  3-™i  =  ^-^^^  ^^'^  *^- 

For  other  gases,  which  have  different  densities,  R  has  differ- 
ent values. 

We  have  abready  remarked  that  the  absolute  zero  of  temper- 
ature lies  at  273^  below  the  zero  of  the  centigrade  scale.  At 
this  temperature  the  living  force  of  the  atoms  is  0,  and  the 
body  possesses  no  heab 

From  this  point  the  heat  of  a  body,  or  its  inner  work,  should 
be  measured.  If,  then,  a  body  has  a  temperature  of  0°  accord- 
ing to  the  thermometer,  its  actual  temperature  is  273'',  and  so 
for  the  temperatures  f],  t^  ^,  etc,  the  absolute  temperatures 
are  273  +  U,  273  +  i^,  273  +  <8,  etc. 

Thus  we  see  that  the  denominators  in  the  equations  above 
give  the  absolute  temperatures.  If,  then,  we  denote  these  by 
T„  T2,  etc.,  we  have 

•"'  T     rp     —     rp     —     rp    •      •      •       •      •      • 

That  is,  if  tve  divide  the  specific  vdumea,  mvltiplied  by  their  cor- 
responding pressures^  by  the  corresponding  absolute  temperatures, 
the  qtiotients  are  constant  and  equal  to  By  or  for  air  to  29.272. 
Yrom  these  equations  we  obtain 

RTa  =  VqPq  \ 

RT,  =  Vrp,\ (Xn.) 

RT^-^v^p,) 
etc. 

In  this  form  the  combined  laws  of  Mariotte  and  Gay-Lussac 
can  be  easily  remembered.  We  shall  have  occasion  to  make 
frequent  use  of  these  formulsB.* 

Example  1. — What  w  the  volume  r,  of  one  kilogram  of  air  at  (Tie  temperch 
iure  t^  =  100°  and  pressure  pi  =  5000  kilograms  per  square  meter  f 

We  have  29.272  (278  +  100)  =  v^  x  6000, 

,  29.272x373      lt)918.456       ^^^^„     ,. 

hence         v^  = ^^r^r^ =  — ^^^^ —  =  2.1837  cubic  meters. 

V  V 

*  [If  F  is  the  Tolome  of  Q  kUogranui  of  g&»,  then  rr  is  the  volume  of  one  kilogram,  or  v  3  --., 

%r  .  (jr 

and  hence  OBT=  Vp.l 
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Therefore,  2,  8,  4  .  .  .  kilograms  of  air  would  occupy  the  space  of  2  x  2.1887, 
8  X  2.1887,  4  X  2.1887  cubic  meters,  etc. 

Example  2. — If  one  kilogram  of  cfir  has  a  volume  of  8  cubic  meters  cmd  tem- 
perature of  200",  wJiai  is  its  pressure  per  square  meter  f 

We  have  29.272  (278  +  200)  =  3  j»i,  or  j»,  =  4615.218  kilograms. 

Example  8. — Whai  is  the  temperature  t^  of  one  kilogram  of  air  whose  ten- 
sum  ispi=d  atmospheres  and  volume  v,  =0.5  cubic  meters  f 

We  have  0.002838  (273  -h  t,)  =«  0.5  x  3, 

or  0.7734  4- 0.002833^,  ==  1.5 

0.002838^1  =  0.7266 

ti  =  256.4  degrees. 


QXTESnONS  FOB   E3LAMINATI0N. 

What  is  the  disgregation  work  in  a  perfect  gaa  ?  What  effects  are  produced  by  heat  im- 
parted ?  How  does  the  outer  work  compare  with  that  for  solid  and  liquid  bodies  f  What  is  the 
coefllcient  of  expansion  for  air  f  If  F  cubic  meters  of  air  are  heated  V*  under  atmospheric  press- 
ure, what  is  the  new  volume  ?  What  is  the  law  of  expansion  of  air  called  f  State  it  concisely 
in  words.  How  does  the  density  vary  with  the  temperature  for  constant  presgnrc  f  How  can  you 
find  the  weight  of  V  cubic  meters  of  air  at  V*  ?  Does  the  coefficient  of  expansion  vary  for  differ- 
ent gases  ?  How  ?  For  what  gases  is  it  least  ?  Does  it  vary  with  the  pressure  ?  How  1  What 
is  the  cause'  of  variation  *  What  is  a  "  perfect  gas  f  "  Would  it  vary  for  such  a  gas  ?  If  we 
heat  one  cubic  meter  of  air  under  atmospheric  pressure  ftom.  0^  to  STS**  C,  what  is  the  outer  work 
performed  ?  What  would  It  be  for  one  kilogram  of  air  ?  What  Is  the  disgregation  work  ? 
The  vibration  work  ?   The  Inner  work  f 

When  air  is  heated  under  constant  volume,  what  effects  does  the  heat  produce  f  How  does 
the  pressure  increase  with  the  temperature  ?  If  the  pressure  at  0°  is  p.  what  is  it  at  1**  f  At2<*  ? 
At  f^  ?  What  is  this  law  called  ?  State  it  in  words.  How  can  yon  explain  it  according  to 
theoretical  views  ? 

What  do  you  understand  by  "  absolute  zero  ?  ""*  Has  this  point  a  definite  physical  signif- 
icance ?  Is  it  the  same  for  all  bodies  f  If  it  had  no  physical  significance,  would  it  necessarily 
follow  that  it  is  valueless  In  the  theory  ?  Which  is  the  greater,  the  specific  heat  for  constant 
pressure  or  for  constant  volume  ?  Why  ?  What  is  the  ratio  of  the  two  for  air  ?  What  does  R 
denote  in  our  notation  ?    Deduce  a  relation  between  the  two  specific  heats  R  and  A.  • 

State  concisely  Marlotte's  law.  Under  what  assumption  as  to  temperature  does  this  law  hold 
good  ?  Is  it  n  consequence  of  our  theoretical  views  as  to  the  constitution  of  gases  ?  How  ? 
If  py  and  Vy  are  Initial  pressure  and  volume,  what  relation  subsists  between  them  and  any  other 
p  and  V  f  Is  this  law  exact  for  all  gases  ?  For  any  gas  f  What  do  we  call  a  gas  for  which  it  is 
exact?  What  constitutes  a  "perfect*^  gas?  Are  there  any  such?  What  relation  subsists 
between  volume  and  density  ?  Between  pressure  and  density  ?  State  again  Gay-Lussac^s  laws. 
State  algebraically  the  combined  laws  of  Mariotte  and  Gay-Lus^sac.  Deduce  a  relation  which 
must  exist,  by  virtue  of  these  laws,  between  the  volumes,  pressures,  and  temperatures  at  two 
different  states,  and  the  coefficient  of  expansion.  Between  the  densities,  pressures,  and  tem- 
peratures. Deduce  from  these  last  the  simplest  expression  of  the  combined  laws.  Does  this 
relation  between  volume,  pressure,  and  temperature  hold  good  for  all  perfect  gases  ?  What  does 
i?  signify?   What  is  it  for  air  ? 

What  is  the  volume  of  8  kilograms  of  air  when  its  pressure  is  6000  kilograms  per  square 
meter  and  temperature  100*  C.  ? 

If  one  kilc^ram  of  air  has  a  volume  of  8  cubic  meters  and  a  temperature  of  lOO**,  what  press- 
ure must  it  have  ? 
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If  2  kilognuxu  of  air  haye  a  tension  of  8  atmospheres  and  a  Tolnme  of  1  cable  meter,  what 
mast  be  the  temperature  ? 

How  many  kilograms  per  square  meter  correspond  to  one  atmosphere  f 

If  8  cubic  feet  of  air  are  heated  from  0"  to  8*  C,  what  is  the  new  volame  t  Vnm  0«  to  8* 
Fkhr.  f    What  is  tlie  density  in  each  case  f 

What  IS  the  weight  of  8  cubic  feet  of  air  at  atmospheric  pressure  and  85<*  C.  temperature? 
▲t85»  Fahrenheit? 

If  2  cubic  feet  of  water  are  heated  under  atmospheric  pressure  from  0*  to  100^  C,  what 
expenditure  of  work  is  equivalent  to  the  tieat  imparted  ?    From  40^  to  218o  Fahrenheit  ? 

What  is  the  coefficient  of  expansion  for  air  ?  If  one  cubic  foot  of  air  Is  heated  from  O**  C.  to 
278^  Cm  what  is  the  new  volume  ?  If  it  is  further  heated  from  273**  to  274^,  wliat  is  the  increase 
of  volame  ?  Is  this  increase  f  "f  jd  of  the  volume  at  278°,  or  of  the  volume  at  0"  ?  If  10  cubic 
feet  of  air  are  heated  ftom  11°  C.  to  12°  C,  what  is  the  increase  of  volume  ?  Is  this  Increase  j\'id 
of  the  10  cubic  feet,  or  tVid  of  what  the  volume  of  the  10  cubic  feet  would  te  at  0°  ?  Has 
pressure  any  influence  upon  the  coefficient  of  expansion  ?  What  influence  ?  Does  the  coefficient 
of  expansion  vary  for  diJIerent  gases  ?  Define,  then,  exactly  what  is  meant  by  coefficient  of  ex- 
panaioQ? 


CHAPTER  V. 

HEAT  GUBYES  AND  THE  MEOHAiaCAL  WORE  WHICH  A  GAS  PERFORMS 
DURINO  EXPANSION  AND  RECEXVES  DURINa  COMPRESSION. 

Isothermal  Curve, — Let  OX  aaid  0  Z  be  two  lines  perpendicu- 
lar to  each  other,  the  so-called  "  co-ordinate  axes,"  OX  being  the 
axis  of  abscissas,  and  0  Y  the  axis  of  ordinates. 

Suppose  that  we 
have  in  a  cylinder  the 
unit  of  weight  of  air 
(one  kilogram)  of  the 
volume  OB  =  V,  and 
tension  BF  —  p^  and 
the  temperature  t  If 
this  air  expands  to 
double  its  volume,  or 
to  00  =  20B  =  2v, 
and  if  we  suppose  that 
during  tlie  expansion  the 
temperature  t  is  con-- 
sktnt,  that  is,  that  heat 
is  imparted  to  the  air 
from  without  as  its 
temperature  falls  during  expansion,  then  the  tension  becomes 
CH=  \BF  =  \p.  If  the  volume  becomes  0D  =  30B  =  3v, 
the  tension  becomes  DI=  \BF  =  ^p,  etc.  If  we  join  the  points 
FHIK^  the  curve  gives  the  law  of  variation  of  the  tension  with 
the  volume.  We  call  the  curve  thus  obtained  the  "  isothermal 
curve  for  permanent  *  gas."  It  represents  graphically  the  law 
of  Mariotte. 


*  [Late  iiiTeBtigatloiiBhaTe  shown  that  all  the  so-called  "  pennancnt**  gaace  can  be  liqaefled. 
The  term  is  therefore  to  be  taken  merely  as  applying  to  those  gases  which,  under  ordinary 
circnmstances,  are  so  far  from  their  point  of  liquefaction  that  the  disgregatlon  work  in  ezpao- 
slon  can  be  neglected.] 

154 
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Mechanical  Work  which  the  Air  performs  during  Expansion  and 
receives  during  Compression* — ^In  order  to  find  the  mechanical 
work  which  the  air  performs  during  its  expansion,  we  must 
suppose  EE  divided  into  an  indefinitely  large  number  of  parts, 
that  is,  we  must  suppose  the  volume  v  to  increase  little  by  lit- 
tle, and  find  the  corresponding  tensions.  The  pressure  during 
the  small  increase  of  volume  may  be  regarded  as  constant,  and 
we  thus  obtain  the  work  during  this  increase  by  multiplying 
the  pressure  by  the  change  of  volume.  The  sum  of  the  pro- 
ducts thus  obtained  gives  the  mechanical  work  during  expan- 
sion. 

[Such  a  summation  can  easily  be  made  by  means  of  the  cal- 
culus. 

Thus  if  the  initial  tension  is  pi  and  volume  v^  and  if  after 
expansion  we  have  p  and  t;,  we  have 

Pi\  p  \i  V  \  Viy         whence       ^=S— ^. 

During  the  small  expansion  dv^  the  pressure  p  may  be  regarded 
as  constant,  and  the  work  performed  is  therefore 

•^  V 

Integrating  this  between  the  limits  v  and  v^  we  have  the 
work 

L=piVi  log  nat-, 
or  in  common  logarithms 

i  =  2.3026^1;  log- 

or  L  =  2.3026  Vi  pi  log  - 

where  v  is  the  greater  volume  and  Vi  the  less. 
Since  pi  :  p  : :  v  :  v^  we  have  also 

i  =  2.3026  pi;  log  ^,    .    .    .    .(XIV.) 

where  pi  is  the  greater  tension  and  p  the  less.] 

The  same  formu]|B  hold  good  when  the  specific  volume  v  and 
tension  p  are  by  compression  under  constant  temperature 
changed  into  the  less  volume  Vi  and  greater  tension  pi.    They 


(xm.) 


♦  » 
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evidently  give  the  work  per  unit  of  area  of  the  piston  or  sur- 
face pressed  upon,  since  p  is  the  pressure  per  unit  of  area. 

Example  1. — Wliat  work  must  he  expended  in  order  io  convert  0.83  cubic  meters 
of  air  at  ordinary  tension  (760mm-)  into  air  of  814™n*  teneion^  the  temperature 
being  kept  constant  f 

If  we  denote  the  original  Tolume  by  T,  and  tension  hjpy  and  the  new  greater 
tension  hy  p^y  we  hare 

L  =  2,3026  Vp  log  ^, 
or  substituting  the  values  given, 

L  =  2.3026  X  0.33^  1.0334  log  H^  =  233.99  meter-kilograms. 

Example  2. — What  is  (he  mechanical  work  which  the  unit  of  weight  of  air 
performs  when  it  expands  to  double  its  volume,  the  temperature  being  eonstanij  its 
volume  Vi  being  ^:^^J  =  0.7733  cubic  meters,  pi  =  1.0384,  kilograms  per  square 
meter,  and  v  =  2v,  ? 

We  have  L  =  2.3026  p^Vi  log  ^ ,  or 

L  =  2.3026  X  0.7733  +  1.0334  log  2  =  5538.6  meter^kilograms. 

Example  3. — The  piston  of  a  steam  engine  has  an  area  of  O.14  square  meters. 
We  have  beneath  it  a  volume  of  steam  0.395  meter  high  and  3  atmospheres  tension. 
What  meclianical  work  is  performed  when  the  piston  moves  0.658  meters^  the  ten^ 
peraiure  remaining  constant  f 

The  original  volume  Y^  is  0.14  x  0.395  cubic  meters.  The  volume  F  after 
expansion  is  0.14  (0.395  +  0.658).    Hence 

y      0.395  +  0.658      1.053 


Fi  "        0.895        ~  0.895 ' 


We  have  then 


1  Ol^ 

L  =  2.3026  X  0.14  x  0.395  x  3  x  10334  log  ^^  =  1679  meter-kilograms. 

The  work  of  the  steam  during  the  full  pressure  is  0.14  x  10834  x  3  x  0.8d5  = 
1714  meter-kilograms. 

Hence  the  total  work  performed  is  1679  +  1714  =  8398  meteivkilograms.  If 
this  is  performed  in  one  second,  we  have  a  work  of  ^JK^  =  45.2  horse-power 
(French). 

Amourd  of  Heat  imparted  or  abstracted  during  Eapansion  or  Com" 
presatorij  according  to  Mariotte^s  Law. — ^We  know  from  what  has 
preceded  that  when  a  gas  expands  while  performing  work  its 
temperature  must  sink,  because  the  outer  work  is  performed  at 
the  expense  of  the  inner.  ^ 

If,  therefore,  during  the  expansion  the  temperature  renaains 
constant,  heat  must  be  imparted  from  without 
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Since,  now,  the  temperature  or  vibration  work  remains  the 
Bame,  the  outer  work  performed  is  the  exact  equivalent  of  the 
heat  imparted.  If  therefore  we  denote  the  heat  imparted 
daring  expansion,  measured  in  heat  units,  by  Q,  we  must  have 

424  e  =  2.3026  vp  log  -. 

Since  we  denote  the  mechanical  equivalent  of  heat,  424,  by 
•J,  we  have  generally 

^  =  2.3026  t?p  log  -, 

or  Q  =  2.3026  ^vjt)  log  ~ (XV.) 

Just  as  during  the  expansion  of  a  gas  we  must  impart  heat 
in  order  to  preserve  the  temperature  constant,  we  must  abstract 
heat  during  compression.  The  work  performed  upon  the  gas 
goes  to  increase  its  vibration  work,  or  its  sensible  temperature. 
The  heat  abstracted  must  therefore  be  equal  to  the  work  per- 
formed upon  the  gas.    We  have  thus,  in  this  case  also, 

G  =  2.3026 -^t!P log-. 

Isodynamic  Curve,* — ^For  solid  and  liquid  bodies  the  case  is 
not  so  simple.  When  such  a  body  is  compressed,  that  is,  when 
outer  work  is  performed  upon  it,  we  cannot  directlv  determine 
how  much  of  this  outer  work  goes  to  increase  the  vibration 
work,  and  how  much  to  disgregation  work.  It  may  be  that  one 
or  the  other  of  these  parts  is  zero  or  negative,  as  we  have 
already  seen. 

We  have  therefore  for  solid  and  liquid  bodies  the  isodynamic 
curvej  which  gives  the  relation  between  pressure  and  volume 
when  the  inner  tvork  (that  is,  both  the  vibration  work  and  the 
disgregation  work)  is  constant 

Since  in  gases  there  is  very  little,  if  any,  mutual  action  be- 
tween the  molecules,  and  therefore  no  work  is  required  to  bring 
them  nearer,  the  outer  work  performed  upon  the  gas  only 


•  [Bometimei!  called  also  "  leeneii^c  curve/*  or  cnrve  of  equal  energy.    When  there  it  no  dii • 
gregatkm  work  the  iaothermal  curve  coireaponda  to  the  isenen^lc  or  Isodynamic] 
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increases  the  vibration  work.    Here  then  the  isodynamic  cttrye 
becomes  identical  with  the  isothermal    All  that  has  been 
said  with  reference  to  the  isothermal  curve /or  gases  holds  good 
therefore  for  the  isodynamic  curve  also. 
If  in  the  formula 

G  =  2,3026  ^t?p  log  -, 

or  Q-  2.3026  Av^p^  log  -  , 

we  put  in  place  oipv  or  piVi  the  values  from  Equation  XIL,  viz., 
RT  and  RT^  we  have 


Q  =  2.3026  ART  log  - 

e  =  2.3026  JiJri  log^ 

P 


(XVL) 


where,  as  before,  v  is  the  greater  volume  and  pi  the  greater 
pressure. 

From  these  formulsB  we  can  determine  Q  when  the  initial 
and  final  volumes  or  pressures  and  the  temperature  are  known. 
Since  pv  =  piVi ,  so  also  RT  =  RTi^  or  the  temperature  is  con- 
stant, as  should  be. 

EXAMPLE. 

We  have  one  kilogram  of  air  inclosed  in  a  cylinder.  The  temperature  is  I  = 
80".  What  work  will  it  perform  when  it  expands  from  the  less  volume  v,  to  the 
greater  v  =  f  v^,  and  how  many  units  of  heat  must  be  imparted  to  keep  tiie  tem- 
perature constant? 

We  have  for  the  work 

L  =  2.8026  RT^  log  ^^  =  2.8026  RT,^  log  f 

Or  by  substituting  the  numerical  values 

L  =  2.8026  X  29.272  (278  +  80)  x  0.125  =  2549  meter-kUograms. 

Since  now  ^  =  -^       ^'       0  =  -<4  A  we  have  for  Q 

^if  X  2549  =  6.012  heat  units. 

Adiabaiic  Curve.* — ^If  a  gas  expands,  all  the  time  performing 
work,  wiihout  any  heat  being  imparted  to  it  from  without^  the  outer 
work  which  it  performs  can  only  be  at  the  expense  of  the  vibra- 

•  [Soinctimee  called  aim  "  itentrcpU  curve,"  or  curve  of  equal  "  entropy ; '"  entropy  being 
defined  as  that  property  of  a  body  that  remains  constant  when  the  body  undergoes  any  change, 
bat  without  receiving  or  losing  any  heat.] 
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tion  work  or  temperature.  The  temperature  then  diminishes 
as  the  expansive  force  diminishes.  This  last  then  diminishes 
for  two  reasons ;  by  reason  of  the  increase  of  the  yolume^  and 
by  reason  of  the  decrease  of  temperature. 

We  see  at  once  that  the  work  of  the  gas  for  the  same  expan- 
sion must  be  less  than  when  the  temperature  is  kept  constant 
by  imparting  heat  from  without 

If  Vi  is  the  specific  volume  and  p^  the  tension  of  air,  and  v 
and  p  that  after  expansion,  we  have  now  no  longer,  according  to 
Mariotte's  law, 

V  Wx'.ipiipj        or       pv=piVxi 

but  we  have  the  relation,  first  proved  by  Poisson,* 

• 

*  The  above  relation  was  proved  by  Laplace  and  by  Poisson  upon  the  hypothesis 
of  the  caloric  theory  of  heat.  It  is  easily  deduced  from  the  mechanical  theory  of 
heat  by  the  aid  of  the  calculus.  For  those  who  wish  to  understand  the  metliod 
of  deduction  we  g^ve  it  here.  Others  must  accept  it  simply  as  an  accurate  ex- 
pression of  the  law  of  relation  of  pressure  and  volume  during  adiabatio  change. 

We  have  for  every  perfect  gas 

pv  =  RT, 
or  pdv  +  vdp  =  RdTy 

hence  dr=  ?*^ (1.) 

If  we  denote  inner  work  by  CTand  outer  by  A  then 

Q=:A(U^L\ 
or  ,  dQ  =  A  {dU  +  dL). 

For  adiabatic  change,  dQ  =  0,  and  hence 

dl7+dL  =  0 (2.) 

Now  for  a  perfect  gas  there  is  no  disgregation  work,  and  dU  represents  vibra- 
tion work  or  diange  of  temperature  only.    Hence 

dU=:  ~  dT. 

A. 

Also,  since  the  pressure  for  a  very  small  change  of  volume  may  be  considered 

as  constant, 

dL  —  pdv. 

Substituting  in  (2)  and  referring  to  (1)  we  have 

^  {pdv  -h  vdp) -k- pdv  =  0 

for  the  differential  equation  of  the  adiabatic  curve. 
But  from  Equation  VII.  we  have  -j-g  =  ir^-y  hence 

Y^--:i{pdv-{-vdp)-\-pdv':zO^ 
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or  pv^'*^  =  PiVi*\ 

or 


ii)  =  f (^^11) 


where  v  is  the  greater  yolume  and  pi  the  greater  pressure. 
The  law  is  yerj  similar,  as  we  see,  to  Mariotte's,  only  the  vol- 
umes are  raised  to  the  power  denoted  by  1.41,  or  in  general  by 

-^,  i.  e.,  the  ratio  of  the  specific  heat  by  constant  pressure  to 

the  specific  heat  by  constant  volume.  This  law  has  therefore 
been  very  appropriately  called  by  Bedtenbacher  the  expo- 
nerUud  law  of  Mariotte,  and  as  such  it  may  easily  be  remem- 
bered. 

If  we  make  use  of  logarithms,  we  have 

1.41  log -  =  log  Sl. 

If  we  denote  the  ratio  1.41  by  k^  we  have 

ilog  -  =  log  ^. 

If  we  assume  the  initial  volume  Vi  =  1,  and  the  initial  ten- 
sion ^  =  1  atmosphere,  we  have  for  the  tension  p  when  the 
air  has  expanded  to  double  its  volume,  or  t;  =  2vu  at  the  ex- 
pense of  its  inherent  heat,  that  is,  without  any  heat  being 
imparted  from  without, 

1.41  log  2  =  log  -i-, 

■    *  ■—      —  ■-    ■  I  II J 

or  pdv  +  vdp  +  kpdv  —  pdv  =  0, 

or  hpdv  +  vdp  =  0. 

Dividing  byjpv,  we  obtain 

dp      kdv     ^ 
p  V 

Integrating  this  betewen  the  limits  of  the  initial  pressure  and  yolume  {pi  and 
Vi)f  and  the  final  pressure  and  volume  (p  and  v),  we  have 

log^  —  log^i  =  k  log  V,  —  k  log  t«, 

log£=;fcloglS       or       £=f^y. 
Pi  V  Pi      \vJ 

Hence  pv^  =  j^ ,  v^*  =  etc. 

For  air  the  ratio  of  the  specific  heats  k  =  1.41,  hence  we  have 
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or 


or 


1.41  X  0.3010  =  log  -  ,    or    0.42441  =  log  -, 

—  =  2.6571,    or    »  =  ^-^^^  =  0-  376  atmosp. 
p  ^      2.6571  ^ 


If  the  air  had  expanded  according  to  Mariotte's  law,  that  is, 
if  heat  had  been  imparted  from  without  in  such  a  manner  that  ^ 
while  expanding  the  temperature  remained  constant,  we  should 
have  had 

p  =  0.5  atmospheres. 

It  is  now  easy  to  calculate  in  similar  manner  the  tension  j), 
which  the  air  has,  when,  without  receiving  heat  from  without, 
it  expands  to  3,  4,  etc.  times  its  original  volume.  If  we  should 
thus  actually  compute  these  tensions,  and  lay  them  off  as 
ordinates,  with  the 
corresponding  vol- 
umes  as  abscissas, 
the  curve  BODE  Y 
thus  obtained  would 
give  the  relation  of 
volume  to  pressure. 
This  curve  is  called 
the  adiabcUic  curve 
for  permanent  gases. 
We  see  that  it  ap- 
proaches the  axis  of 
abscissas  much  more 
rapidly  than  the 
isothermal  or  isody- 
namic  curve,  which 
is  represented  by 
the  broken  line.  Let 
us    now    determine 


j4 -Jf       ^  , 

Fie.  14. 


^ 


the  decrease  of  temperature  of  the  air  during  the  expansion. 

We  have  found  by  Equation  XTT.,  for  the  combined  laws  of 
Mariotte  and  Qay-Lussac, 

pv  =  BT, 
piVi  =  BT^f  etc., 

where  T  and  Ti  are  the  absolute  temperatures  at  the  volumes 
11 
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V  and  Vi.    From  Equation  XVIL  we  have  for  adiabatic  expan- 
sion 


or      —  =  ^-^ 


\vi/        p 


If  we  multiply  both  sides  by  Vi  and  divide  by  v,  we  have 

VVi^-^^  pV  \ViJ  pV     '  v-^fxxxu*; 


orgeneraUy  ^±y  :=  ^ (XVmft.) 

The  right  side  of  this  equation  becomes  ^^  =  -=*,  and  hence 

Jil        J. 

¥j     -  r  =  273TT'     •     •     (-^^^^^^ 


C 


Cp 


or  generally,  putting  k  for  the  ratio 


&--1 


r,      273  +  ft 


(^;  =  T  =  273^<'  •  •  •  <^^^) 

We  can  therefore  find  the  final  temperature  f,  from  the  initial 
temperature  U  and  the  expansion  ratio  —  . 

We  see,  then,  from  the  formula,  thaJt  the  0.41  potoers  of  the  spe- 
cific volumes  are  inversdy  proportional  to  the  corresponding  absolute 
temperatures. 

If  the  speeifie  volume  t^  of  the  air  luia  the  iempenUure  t^  ^  SO"*,  what  vnU  be 
its  temperature  t  when  it  7uw  expanded  to  y  =  2vi,  performing  work  and  wOhoui 
receiving  heai  from  without  f 


have       f  — !- )      =   ^r=^ — T-       or        2®-**  = 
\Vx  J  273  +  < 


273  +  r 

or 
1.3286(278  +  0  =  808     or     862.7078  +  1.8286/ =  808.        1.3286/ =- 59.7078. 
Hence  /  =  44.9°. 

Since  in  the  formula  ( — )     =  -^,  the  expansive  force  p  or 

Pl  does  not  occur,  the  end  temperature  depends  solely  upon 
the  initial  temperature  and  the  expansion  ratio.     Wlietiier 
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therefore  the  specific  yolmne  is  small  or  great,  and  hence  the 
expansive  force  great  or  small,  makes  no  difference  in  the  final 
temperature,  if  only  the  initial  temperatare  remains  the  same. 

Just  as  we  have  determined  the  final  temperatare  from  the 
initial  and  end  volumes,  so  we  can  also  determine  it  from  the 
initial  and  final  tensions. 

Thus  we  have  for  the  law  of  adiabatic  expansion, 


1\    ^  Pl 

This  can  be  written 


(■ 


ux 


O.T0W 


^i        ^        \P)  V,       \p )        "^ 

If  we  multiply  the  numerators  by  j),  and  the  denominators  by 
|>„  we  have 


vp  _ppx;^ 


This  gives  us 


vp  _  jj*""  tTp  _   '  *»  ^  *"' 


1     \PI/ 


J,       /«v«««       273 +  <  .  nrrr   \ 

Hence  T:={f)      =   m  +  t/    '    '^^^"^^ 

orgeneraUy  (i^-^-ir (^') 

Hence,  the  0.2907  powers  of  the  pressures  are  directly  propor* 
tumal  to  the  absolute  temperatures. 


EXAMPLE. 

We  have  in  a  cylinder  one  unit  in  weight  of  air,  at  a  tension  p^  =  11^  atmo0- 
pheres,  and  a  temperature  of  t^  =  80\    What  will  be  its  temperature  t  when  the 
air  hftff  expanded  adiabatically  nntil  its  tension  p  \b  only  one  atmosphere  ? 
We  have 

/  1  Y***"_  278  +  t  f2\^'^  _  273  +  t 

Vlf/        ""278  +  80       ^'         \8/        "■     803     • 

Hence 

0.8888  =  ??|i-l      or     278 +  /  =  269.806      or      <=r -8.694% 

or  in  round,  numbers  ^  =  —  8.7*. 

ne  temperature  therefore  falls  88.7*. 
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From  Equation  XXa  -  =  /  ^  j 

we  can  now  find  at  once  the  expansion  ratio,  or  the  ratio  of  the  final  Tolmne  to 
the  original. 

We  thus  haye  ""  ~  (~2  /        ' 

hence  —  =  1.383        or       —  =  f. 

While,  then,  the  tension  falls  in  the  ratio  of  3  to  2,  the  yolnme  increases  in  the 
ratio  of  8  to  4. 

Outer  Work  Performed  by  Air  when  eoopanding  AdiabaticaUy. — 
The  question  now  arises,  What  tuork  does  the  air  perform  when 
it  expands,  performing  work,  without  receiving  heat  from 
without  ? 

Since  the  expansion  occurs  at  the  expense  of  the  vibration 
work,  or  of  the  temperature,  the  work  performed  must  depend 
upon  the  initial  and  final  temperatures. 

Now  we  know  that  under  constant  volume  we  must  impart 
0.16847  heat  units,  in  order  to  raise  the  temperature  of  one 
weight  unit  of  air  one  degree.  This  heat  we  have  called  the 
specific  heat  of  air  for  constant  volume.  In  like  manner  we 
must  abstilsict  0.16847  heat  units  from  each  kilogram  for  every 
degree  that  we  cool  it,  under  constant  volume.  But  0.16847 
heat  units  correspond  to  a  mechanical  work  of 

0.16847  X  424  meter-kilograms, 

and  this  work  must  be  performed  when  the  unit  weight  of  air 
is  cooled  one  degree  by  expansion,  while  performing  work,  be- 
cause the  work  performed  is  the  equivalent  of  the  heat  which 
disappears,  since  no  heat  is  imparted  or  abstracted  during  ex- 
pansion. 

We  denote  the  specific  heat  for  constant  volume,  or,  in  the 
case  of  air,  the  number  0.16847  by  c,  and  the  mechanical  equiv- 
alent of  heat  (424  meter-kilograms)  we  denote  by  -j^  and  hence 
the  work  is 

^^^-j^  -J  meter-kilograms. 
If,  therefore,  the  specific  air  volume  has  the  temperature 
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^,  and  hence  the  absolute  temperature  273 +  ^i^  the  inherent  vi- 
bration work  in  it,  or  the  ^*  intrinsic  energy,"  as  it  is  called,  is 

c 
ni=:-j  (273  4-  ti)  meter-pkilograms. 

If  now  this  volume  gradually  expands,  overcoming  an  outer 
pressure  which  at  any  moment  is  less  than  the  air  pressure  by 
an  infinitely  small  amount,  until  its  temperati^re  is  ^,  so  that  t 
is  less  than  ^,  then  the  inner  work  inherent  in  it  will  be 

tt  =  -^  (273  -f  0  kilograms- 
The  inner  work  which  disappears  is  thus 

u,-u=^  (273  +  0-2"  ^^'^^  "^  *^ 

=  2  ((273  +  ^)  -  (273  -f  o)  =  2"  ^^  ""  ^^  °^€iter-kilograms, 

and  this  is  evidently  exactly  equal  to  the  outer  work  performed, 
since  no  heat  has  been  imparted  from  without.  If  we  denote 
this  outer  work  by  X,  we  have 


or  also. 


i  =  -|(^-0>    •    •    •    •     (XXTEo.) 


L^^iZ-T).   .   .    .    (xxm.) 


=  71.431  (^1  —  t)  meter-kilograms.* 

Thus  we  see  thai  the  ovter  toork  is  proportional  to  the  differeru^e 
Idtoeen  the  initial  arid  jmaL  temperalureSf  as  might  have  been  at 
once  concluded. 

The  area  BCDEFO  (see  last  Figure)  inclosed  by  the  adia- 
batic  curve  BODE  and  the  ordinates  BO  and  EF^  represents 
the  work  performed  during  expansion,  or  the  decrease  in  the 
inherent  vibration  work. 

The  final  temperature  t  in  the  last  formula  can  be  found  from 

Equation  XlXa, 

'■''     273  +  t. 


\v)     ""1 


273  +<  ' 


*  [This  iB  the  work  performed  by  one  nnlt  of  weight.  For  Q  units  of  weight  we  have 
71.481  &  (/,  —  t).  If  we  nee  Fahrenheit  degrees  and  English  measares  we  have  180.06(7  (<,  —  Q. 
If  we  tue  Centigrade  degrees  and  English  measares  we  haye  284.173(?  (<t  -  0-  Tbe  student  will 
do  well  to  ntake  the  rednctions.] 
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or  from  Equation  XXIa, 


(1)'""= 


273 +  < 


273+i,* 
If  Q  is  the  number  of  disappeturing  heat  units,  we  have 

L=  -J  Q,  and  hence 

or  ^  =  c  (^1  —  0  l^®*'  units. 

If  X  or  the  outer  work  is  equal  to  zero,  that  is,  if  the  air  per- 
forms no  outer  work  during  expansion — ^if  there  is  no  outer 
pressure  overcome — ^we  have 

or  ^  =  ^. 

That  is,  the  fined  temperature  is  equal  to  the  initial  temperature^  and 
the  temperature  of  the  air  remains  unchanged^  as  the  experiment  of 
Joule,  already  noticed,  clearly  proves. 

EXAMPLE. 

What  is  the  work  performed  by  the  air  in  the  last  example,  when  the  tem- 
perature sinks  from  +  80"  to  —  S.T  ? 

Her©  ti  —i  =  38.7%  hence 

L  =  71.481  X  88.7  =  ^07.225  meter.kilograms. 

The  number  of  heat  units  disappearing  is 

Q  =  0.16847  X  83.7  =  6.6774 

We  may  also  determine  the  work  L  directly  from  the  initial 
and  final  volumes,  or  from  the  initial  and  final  tensions,  as  well 
as  from  the  initial  and  final  temperatures. 

Thus  we  have 

i=^(273  +  <i)--?-(273  +  0- 

If  we  divide  by  273  +  ti,  we  have 

L       __  c^  _  c^     273  +t 
273  +  ^1      A       a'  273  -h  ^" 

The  factor  on  the  right  is,  according  to  Equation  XXIa  =  (  -  )      > 


ADIABATIC  EXPANSION. 


167 


and  since  B  (273  +  f,)  =  v,pi,  or  273  +  ^  =  ^^^'  ^®  ^^^® 


or 


Vipi      A      A\px) 
Again,  since  according  to  Equation  XlXa,  ^j=^ — j-  =.(  — ) 


0.41 


we  have  also 


^=A"'^[i-(?)T  •  (^^^> 


o 


Compression  of  Air  when  Heat  is  neither  Imparted  nor  AbstraetecL 
— ^When  air  is  compressed,  the  opposite  phenomena  take  place. 
The  work  expended  in  the  compression  is  transformed  into  heat 
The  vibration  work  is  there- 
fore increased.  The  tension 
of  the  air  is  then  increased, 
for  two  reasons.  First,  the 
density  is  increased  by  the 
compression,  and  the  atoms 
strike  oftener  against  the  pis- 
ton which  causes  the  compres- 
sion, and  this  alone  causes  an 
increase  of  tension.  Second, 
the  living  force,  or  the  veloc- 
ity of  the  particles,  is  in- 
creased by  the  heat  due  to 
the  transformation  of  the 
work,  and  this  also  causes 
an  increase  in  the  expansive 
force.  This  last  must  in- 
crease according  to  the  same 
law  as  before,  during  expan- 
sion, it  diminished. 

That  air  is  heated  by  com- 
pression has  long  been  known.    We  are  all  familiar  with  the 
"  pneumatic  syringe."    This  consists  of  a  glass  or  metal  cylin- 


^ 


91 


^ 


^ 


F    '^    D        Bj 

-Vi f 

Fig.  15. 
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der,  in  which  moves  an  air-tight  piston.  Upon  the  under  side 
of  the  piston  is  a  piece  of  tinder.  If  now  the  piston  is  pressed 
quickly  down,  the  air  is  compressed,  heat  is  developed,  and 
the  tinder  ignited. 

If  we  denote  the  specific  volume  of  air  inclosed  in  a  cylinder 
by  Vi  and  the  pressure  by  ji?i,  and  if  v  and  p  are  the  volume 
and  pressure  after  compression,  we  have  from  the  law  already 
found,  when  heat  is  not  imparted  nor  abstracted, 

1.41 


\VxJ  p 


Let  now.  Fig.  15,  OB  =  Vi  =  1  be  the  initial  volume,  and  pi  =  l 
atmophere  be  the  corresponding  pressure.  If  we  compress 
the  air  to  f  of  its  original  volume,  we  have 

or  3'>  =  4* "  ; 

hence  p  =  (f)'-"  =  1.5  atmos.  =  DE. 

For  v  =  i=  OF,  we  have 

(ir  =  ^,  hence ^  =  2'", 

JT 

or  p  =  2.657  atmospheres  =  FG. 

If  i;  =  i  =  OHy  we  have 

(})*'"  =  -    hence 
^  p 

p  =  4* "  =  7.06  atmospheres  =  HI. 

The  curve  joining  the  points  CEOI  thus  found  gives  the  law 
of  the  increase  of  pressure  as  the  volume  diminishes.  We  see 
how  rapidly  this  curve  rises  for  great  diminution  of  volume. 

The  area  BGEGHI,  inclosed  by  the  curve  and  the  ordinates 
EC  and  J37,  gives  the  mechanical  work  expended  in  compress- 
ing the  body,  and  which  is  therefore  completely  transformed 
into  heat. 

Example  1. — ^In  a  cylinder  we  have  one  kilogram  of  air  of  0°  and  atmos- 
pheric pressure.  What  amount  must  it  be  compressed  adiabatically  in  order 
to  raise  the  pressure  to  2  atmospheres  ;  how  much  is  the  air  heated  ;  what  work 
is  necessary  for  compressing  it;  and  how  many  heat  units  appear? 

We  have  from  Equation  XXo, 

0.7093 


^ = m" = a)' 


hence  v  =  0.61188Vi. 
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Since  v,  is  the  specific  yolume,  or  Tolume  of  unit  of  weight,  at  0°,  which 

Yolume  is     oaoiQ  =  0.778  cubic  meters,  we  have  for  the  yolume  of  v 

V  =  0.778  X  0.61188  =r  0.4781  cubic  metera. 
The  final  temperature  t  is  given  by  Equation  XXIa, 

278 +  < 


\TJ       =  578T7:   -  ( 1  j       = 


278+0' 

Hence  2«>.«"  x  278  =  278  +  /  =  884.01, 

or  t  =  834.01  -  278  =  61.0r. 

The  air  therefore  becomes  heated  to  61.01".  The  mechanical  work  necessary 
for  the  compression  is,  from  Equation  XXII., 

2y  =  2  y  I  -  0  =  71.481  5  (0  -  61.01)  =  -  4858  meter-kilograms. 

The  negative  sign  denotes  that  this  work  is  received  by  or  performed  upon 
the  gas,  instead  of  performed  by  it. 
The  quantity  of  heat  generated  is 

—  4858 
Q=:ALz^     4^  =  ~  ^^-^  ^®**  ^^^ 

If  we  compress  only  i  or  j  of  a  kQogram  to  2  atmospheres,  only  (  or  i  as 
much  work  would  be  necessary,  and  we  should  generate  only  J  or  -^  as  many  heat 
units.  But  the  rise  of  temperature  would  be  just  the  same,  as,  evidently,  this 
depends  only  upon  the  expansion  ratio. 

Example  2. — If  a  caloric  engine  compresses  adiabatically  at  each  stroke  ^  of  a 
kilogram  of  air  at  lO""  and  1  atmosphere  to  4  atmospheres,  what  mechanical  work 
is  necessary,  and  how  much  is  the  air  heated  ? 

We  have  from  Equation  XXIa, 

/      yr^it   ^  2^^^  /4Y.«oT  ^  278 +  < 

\pj  -273  +  /,   ^'  \l)         -278+10' 

hence  <  =  -  278  +  288  x  4««w  =  -  278  +  423.62  =160.62% 

The  mechanical  work  is 

C  71 431 

X=  i  ^(^  -  0  =  ^^j^  (10  - 150.62) 

=  17.86  X  -  140.62  =-  2511.47  meter-kilograms. 

If  this  work  is  performed  in  one  second,  we  have 

2511.47      ,,  .^ . 

— — —  =  83.48  horse-power. 

If  the  air  thus  compressed  is  confined  and  heated  278%  its  pressure  would  be 
doubled,  or  8  atmospheres.  The  temperature  after  heating  is  then  278  +  150  62 
=  428.62% 

What  mechanical  work  can  the  air  now'perform,  when  it  expands  adiabeti- 
cally,  until  its  tension  becomes  again  one  atmosphere  and  temperature  at  10°  ? 

We  have  L  =  \~  {t^^t)z^{x  71.481  (428.62  - 10) 

=  17.86  X  418.62  =  7887.25  meter-kilograms, 
or  if  the  work  is  performed  in  one  second, 

7887.25 


75 


=  98.5  horse-power. 
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• 


The  oompiession  ot  the  air  consumes  thus  about  \  of  the  work  which  the 
heated  air  can  perform.  If  we  assume  that  the  resistances  consume  about  40  per 
cent.,  we  have  the  total  loss  of  work,  40  +  88^  =  73^  per  cent.  Onlj  about  26} 
per  cent,  remain  as  useful  work.  In  most  cases  the  efficiency  would  probably  be 
lower. 

[As  we  often  have  occasion  to  make  use  of  the  formuhefor  adiabatic  expansion 
or  compression,  the  following  table  will  be  found  useful  in  abridging  calculations. 

The  table  gives  for  different  values  of  the  ratio  —  the  corresponding  ratios  of 

the  temperatures,  volumes,  etc.  It  is  made  .out  for  compression,  or  p^  gpneater 
than  j9, .  It  applies  equally  well  to  expansion  if  we  simply  suppose  all  the  sub- 
scripts at  head  of  columns  irUerchcmged,  Before  giving  the  table,  we  group 
below,  for  convenience  of  reference,  the  adiabatic  formuln  already  deduoed. 


*  For  air, 

A;  =  1.41,    *- 1  =  0.41,     j^ni  =^-^     J  =0.7098, 

■^^^=^  =  0.2907,    -1-^  =  8.44. 
h  A?  —  1 

Work  done. 

In  these  f ormulie,  for  air 

c=  0.16847,        -i^  =  2.44, 

and 

1  6 

-J  =  424,      2  =  71.481,      B  =  29.272  in  French  measures  and  Centigrade 

degrees. 

1  c 

2  =  1890,      J  =  284.1738,     R  =96.0876  in  English  measures  and  Centi- 

grade degrees. 

1  e 

2  =  772,      2  =  130.0588,       R  =  58.854  in  English  measures  and  Fiahien- 

heit  degrees. 
5r=  «  +  273  Centigrade  =  t  +  459.4  Fahrenheit. 

1  atmosphere  =  10834  kiL  per  sq.  meter  =  14.7  lbs.  per  sq.  foot. 
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We  can  illustrate  the  use  of  this  table  by  the  examples  already  given.    Thns, 

r 

Example  1. — In  a  cylinder  we  have  one  kilogram  of  air  of  0'  and  atmospheric 
pressure.  What  amount  must  it  be  compressed  adiabatically  in  order  to  raise 
the  pressure  to  two  atmospheres  ?  how  much  is  the  air  heated  ? 

Here  —  =  3.  Opposite  2  in  the  table  we  find  at  once  — '  =  0.6117,  hence 
Vi  r=  0.6117  v\j  the  same  as  already  found  by  calculation. 

We  have  also  at  once  from  the  table,  corresponding  to  ^  =  3,  ^  =  1.2326; 

hence  T^  =  1.2226  Tu  or  <,  +  273  =  1.2226  x  273;  hence  ^  =  383.77  -  273  = 
60.77% 

Example  2.— If  a  caloric  engine  compresses  adiabatically  at  each  stroke  ^  of 
a  kilogram  of  air  at  10"  and  1  atmosphere,  to  4  atmospheres,  how  much  is  the 
air  heated  ? 

Pi 

Here  -^  =  4,  and  we  have  at  once  from  the  table 
Pi 

^-  =  1.4948,    or    <«  +  278  =  1.4948  x  288,    or  U  =  150% 
The  new  volume  is  —  =  0.3741,    or    Vt  =  0.3741  Vi. 

Example  8. — If  i  kilogram  of  air  at  4  atm<^pheres  tension  and  150°  ea^nda 
adiabatically,  performing  work,  till  its  tension  is  1  atmosphere,  what  is  its  new 
temperature  ? 

For  expansion  we  simply  have  to  invert  the  subacripta  at  the  head  of  the  eol- 
umns.    The  student  will  do  well  to  make  a  special  note  of  this.    Considering, 

then,  all  the  suijscripts  reversed,  we  have  from  table  f or  ^^  =  4,    tst  =  0.6690; 

^  -  Pi  '^i 

hence  T^  =  0.6690Ti  =  0.6690  x  423,    or    ^g  +  273  =  282.98,    or    <«  =9.98%  or 

about  10%  as  should  be. 

In  similar  manner  we  can  easUy  find  pressure  and  temperatures  when  volume 

ratio  is  given,  or  pressure  and  volume  when  temperature  ratio  is  given.    The 

student  will  do  well  to  propose  other  examples  and  solve  them  both  by  table  and 

calculation.    (See  examples  at  end  of  Part  I.)    The  use  of  the  last  two  columns 

ti 
for  J  will  be  explained  hereafter.     They  have  no  reference  to  temperature  cU 

all] 

Transference  of  Air  from  one  AdiahcUic  Curve  to  Another. — 
We  have  now  to  deduce  a  very  important  thermodynamic 
principle,  of  which  we  shall  have  occasion  to  make  frequent 
use. 

Suppose  the  specific  volume  Vi,  with  the  tension  ^j,  and  the 
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absolute  temperature  2\,  to  be  compressed,  without  any  heat 
being  added  to  it  from  without  or  abstracted  from  it  The 
compression  thus  takes  place  according  to  the  adiabatic  curve, 
or,  as  we  say,  this 
curve  represents  the 
law  of  the  change  of 
condition  of  the  air. 
If  the  volume  Ovi  = 
Vx  is  compressed  to 
Ovj  =  t;-,  let  p^  and 
T^  be  the  corre- 
sponding tension 
and  absolute  tem- 
perature. If  the 
volume  is  Ov^  =  Vs, 
let  Pi  and  Tz  be  the 
corresponding  ten- 
sion and  absolute 
temperature.  , 

Now  suppose  that 
the  air  with  the  vol- 
ume Vi,  the  pressure 
Pij  and  the  absolute 
temperature  J',,  or, 
as  we  may  say  briefly,  "in  the  condition"  VipiTi,  has  heat 
imparted  to  it  in  such  a  manner  that,  while  it  expands  to  the 
volume  w^,  and  the  tension  sinks  to  g^,,  the  tempei^ature  2\  re- 
mains  cmdard. 

Then  let  the  volume  Wi  be  compressed  adiabatically,  so  that 
the  curve  BB  represents  the  relation  between  the  volume  and 
tension  at  any  instant. 

During  the  passage  of  the  air  from  the  condition  t;iPi7\  to 
the  condition  w^q^Tx  (while  therefore  the  tension  changes  ac- 
cording to  the  isothermal  or  isodynamic  curve  TiT,),  let  the 
quantity  of  heat  imparted  be  ^i. 

Suppose,  again,  the  air  in  the  condition  vpiTo  to  expand, 
heat  is  imparted  to  it  in  such  a  manner  that  the  tempera- 
ture jTj  is  preserved  constant,  until  it  arrives  at  the  condition 
t^s^sTs  in  the  adiabatic  curve  BB^  and  let  the  heat  imparted 
be  Qi. 


^1^!^ 


^3         ^« 
Fio.  16. 


B 


-" 3L 


I 
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Then  we  shall  prove  this  relation : 

Vi  •  Vt  •  •  -^1  •  -^«> 
or, 

the  heat  imparted  in  the  Jirst  case  is  to  thai  imparted  in  the  second^ 
as  the  corresponding  temperatures  T^  and  T,,  at  which  the  addition 
of  heat  commenced. 

If,  again,  the  air  passes  from  the  condition  v^p^Ti  to  the  con- 
dition w^tTi,  and  if  Q  is  the  heat  imparted,  then  we  shall 
have 

We  have  then  generally, 

Let  ns  now  seek  to  prove  this  relation. 

The  law  of  the  adiabatic  curve  AA  is  from  Equation  "^"^T/i 

or  it  is  also 


(Si 


^       =^ (6.) 


J  T. 

In  like  manner  the  law  of  the  adiabatic  curve  BB  is  given  by 

(fr=i «^) 


and 

o.ww  rp 


The  amount  of  heat  Qi  which  is  necessary  to  change  the  gas 
from  the  condition  v^p^  T^  to  the  condition  Wiqi  T^ ,  along  the 
isothermal,  is  from  Equation  XYL 

g,  =  2.3026  Ji22\  log  ^. 
In  like  manner 

Oa  =  2.3026  jsarjog^. 

and 

0,  =  2.3026  ^53^3  log  ^, 
"We  have  therefore 

C.  :  a  :  «,=  r.log^  :  IT.log^  :  T.log^. 

J?i  ?*  ?• 
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From  Equaidons  (a)  and  (c)  we  have  v 


Pi 

Pi 

_    ?3 

or 

Pi 

In  like  maimer  from 

(6)  and 

(<^, 

P^ 
TTe  have  then  generally 

—  • 

P^ 

q. 

Hence  in  the  above  proportion  the  logarithms  of  the  quotients 

A,  £l,    Pl  are  equal,  and  we  obtain 
J,       J«      j»  * 

which  was  to  be  proved. 

^  therefore  toe  tvish  to  change  the  condition  of  air,  as  determined 
by  a  certain  point  on  an  adiahatic  curvCy  into  another  condition  which 
lies  on  another  adiahoiic  curvCy  by  the  addition  of  heoity  under  con- 
stant temperature^  the  quantity  of  heat  which  must  be  imparted  is 
proportional  to  the  temperature. 

We  can  also  prove,  as  we  will  hereafter,  that  this  principle 
holds  good  when  the  curves  2^iT, ,  T^T^y  T^^T^  are  not  iso- 
thermals,  but  simply  curves  of  the  same  kind,  that  is,  which 
follow  the  same  law  of  change  of  pressure  and  volume,  what-- 
ever  that  law  may  be. 

From  the  proportion 

we  obtain 

^  =  §  =  -|.eta  ....    (XXV.) 

Equations  for  the  Expansion  qf  Air  under  ooTistant  Pressure. — 
Let  us  now  consider  the  case  in  which  the  specific  air-volume 
expands  under  constant  pressure^  while  it  is  heated.  The  heat 
imparted  serves  here,  1,  to  increase  the  vibration  worhy  and 
2,  to  perform  outer  tvorTc. 

In  the  beginning,  let  us  have  the  volume  V\  at  the  tempera- 
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ture  ti  and  pressure  px.    After  expa«iision,  let  the  yolume  be  v^ 
and  the  temperature  t    Then  the  increase  of  vibration  work  is 

Let  now  Ov\  =  iJi  =  the  initial  volume,  Fig.  17,  and  Ov  = 
7)  =  the  final  volume,  then  the  outer  work  performed  (XJ  will 
be  represented  by  the  rectangle  ViABv^  or  by  the  difference  of 
the  products  * 

pv-piVi  =^piV-piViy 

since  the  pressure  is  constant,  and  hence  p=Pi> 
We  have,  therefore, 

Xl=J9(^J-^?l)=^l(^J-^?l)  .    .     (XXYL) 
or  since 

po  --p,Vt=B{T-  71)  =B{t^  f,), 

A  =  ^(^-y.t.    .    .    .    (XXVIL) 

By  means  of  these  two  equations,  we  can  calculate  the  in- 
crease of  the  inner  work  and  the  outer  work  performed. 

As  in  general  the  ratio  be- 
tween the  initial  and  final  tem- 
peratures is  given,  we  can  easi- 
ly determine  the  temperature  t 
at  the  end  of  expansion.  Thus, 
as  we  have  already  shown, 

vp       __     7>ifh 


273  +  ^      273+^' 


or 


Fio.  17. 


ViPi  ^  273  + 1, 
vp       273  +  It ' 
and  since,  in  the  present  case,  p  =^i,  we  have 

V       273  +  t 

Vi  "  273  +  ^1  ' 

EXAMPLE. 

Suppose  in  a  cylinder  one  unit  of  weight  of  air  at  a  temperature  /=  30"*. 
What  temperature  will  it  possess  when,  being  heated,  it  expands  under  constant 

*  Any  cnrve  or  Une,  like  AB^  which  repreeentfl  the  statee  of  a  body  when  the  pressure 
remains  constant,  is  sometimes  called  an  '*  isopiettic  line  "  or  cnrve,  that  is,  a  line  or  carve  of  equal 
pressure.  Such  a  line  is  also  sometimes  called  an  "  Isobar.^^  In  like  manner,  a  line  which 
represents  the  states  of  a  body,  when  the  volume  is  constant,  is  sometimes  called  an  "  itonutrtc 
Une,"  or  line  of  equal  volume. 

t  If  there  are  O  kilogram?,  we  have  L  s  OR  (,t  -  ^j). 
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pressure  until  it  is  ^  of  its  original  volame?    What  onter  work  will  it  perform? 
and  what  is  the  increase  of  its  inner  work? 

Since  t;  =  Jt^i ,  we  have 

<  =  404-273,    or    «  =  18f% 
The  increase  of  inner  work  id 

r=  ^  (131  -  30)  =  71.431  X  101  =  7314.53 meter-ML, 

and  the  outer  work  performed  is 

L-R (131  -  30)  =  29.272  x  101  =  2956.47  meter-kilograms. 

The  amount  of  heat  consumed  in  each  work  may  be  easily  found.  We  know 
that  the  specific  yolume,  when  heated  under  constant  pressure,  requires  0.23751 
heat  units,  or  1.41  times  as  much  as  when  the  air  is  heated  under  constant  vol- 
ume. Since  we  denote  the  specific  heat  for  constant  volume  by  6,  that  for  con- 
stant pressure  is  1.41e  for  air,  or,  in  general,  kc, 

U,  therefore,  we  heat  one  kilogram  of  air  ^  —  ^  degrees  under  constant  press- 
ure, we  have 

heat  units  necessary  to  be  imparted. 
In  the  present  case,  then, 

Q  =  0.23751  (131  -  80)  =  28.9885  heat  units. 

The  preceding  enables  us  to  find  an  expression  for  the  mechan* 
ical  eqniyalent  of  heat  in  a  more  general  method  than  before.  ^ 

The  quantity  of  heat  Q,  in  the  last  expression,  is  equivalent 
to  the  work  ALy  hence 

AL=kc{t-t,)    or    i  =  ^(^-<i). 

But  we  must  have  this  work  L  equal  to  the  vibration  work 
plus  the  outer  work,  or 

L=  U-}-  Li,    or 

If  we  divide  through  hj  t  —  ^i,  we  have 

1  _       B 

A~  c(k-  1) 

Insertmg  nnmerical  values  as  determined  for  air,*  we  have 

1  29.272  29.272      .00  q      *     1  -i 

-A  =  0.16847  X  0.41  =  0.0607  =  ^^^^  meter-kilograms. 

*  Page  146. 

12 
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QXTESnONS  FOB  EXAMINATION. 

What  do  yon  understand  by  an  isothennal  cnrve  or  line  f  What  is  the  law  of  this  cure? 
What  kind  of  a  curve. then  is  it  ?  What  do  you  mean  by  "  permanent"  gas  ?  Are  there  any 
such  ?  What  is  the  graphical  representation  of  Mariotte's  law  ?  Find  the  expression  for  the 
mechanical  work  of  gas  expanding  according  to  this  law.  Find  the  expression  for  the  amount 
of  heat  imparted. 

What  do  you  understand  by  an  isodynamic  cnnrc  or  line  ?  When  is  this  cnrve  the  same  as 
the  isothermal,  and  for  wliat  kind  of  bodies  f  What  is  an  iseneiigic  curve  7  What  docs  "  isen- 
ergic  ^*  mean  ?   Wliat  do  you  understand  by  energy  t 

What  is  an  adiabatic  curve  r  Isentropic  curve  f  What  does  "isentropic^*  mean  f  Define 
"  entropy/*  What  does  "  adiabatic  "  mean  r  What  Is  the  law  of  the  adialwtlc  curve  ?  Deduce 
It.  Why  has  it  been  called  the  exponential  law  of  Mariotte  f  In  what  respect  Is  the  term 
appropriate  ?  Which  curve,  the  adiabatic  or  the  isothermal,  approaches  the  axis  of  X  most 
rapidly  ?  Why  ?  Deduce  from  the  general  law  a  relation  between  volume  and  temperature. 
Between  pressure  and  temperature. 

Show  how  to  determine  the  outer  work  performed  by  air  expanding  adiabatically.  To  what 
is  the  outer  work  solely  proportional  in  this  case  f  Why  might  this  have  been  at  once  con- 
cluded t  Deduce  the  expression  for  the  heat  units  converted  into  work.  Discuss  in  similar 
manner  the  case  of  air  when  compressed  adiabatically. 

When  a  gas,  as  air,  is  made  to  pass  according  to  any  given  law,  from  one  adiabatic  cnrve  to 
another,  what  is  the  relation  between  the  heat  imparted  and  the  temperature  r  Prove  Uiis 
relation. 

What  is  an  isopiestlc  line  Y  What  does  "  isopiestic  **  mean  ?  When  air  expands  under  con- 
stant pressure  what  effects  does  the  heat  imparted  produce  t  What  is  the  expression  for  the 
increase  of  vibration  work  f  What  is  the  cxpretfsion  for  the  outer  work  performed  ?  What  is 
the  relation  between  volume  and  temperature  ? 

If  one  kilogram  of  air  has  a  temperature  of  30*  C,  what  will  be  its  temperature  when  it  is 
heated  and  made  to  expand  under  constant  pressure  until  it  is  twice  its  original  volume  f  What 
outer  work  wilt  it  perform  ?  What  is  its  increase  of  inner  work  f  What  amount  of  heat  is  Im- 
parted ?    Prove  that  1  =       * 


A       c(k-\) 

What  work  is  performed  by  10  pounds  of  air  at  2  cubic  feet  volume  and  5  atmospheres  press- 
ure, when  it  expands  to  7  cubic  feet,  overcoming  an  outer  pressure  equal  at  any  moment  to  the 
tension,  the  temperature  being  kept  constant  ? 

What  IB  this  constant  temperature  P  What~Is  the  final  pressure  f  How  much  heat  must 
have  been  imparted  in  order  to  keep  the  temperature  constant  ? 

If  one  kilogram  of  air  is  heated,  under  the  pressure  of  the  atmosphere,  from  0**  to  1«  C,  how 
much  work  does  it  perform  during  expansion  f 

If  one  pound  of  air  ih  heated,  In  same  manner,  from  32*  to  83*  Fahr.,  what  worts  is  performed? 
If  heated  from  0*  to  1*  C,  what  work  is  performed  ? 

What  is  the  weight  of  one  cubic  foot  of  air  at  atmospheric  pressure  and  S2*  F.  ?  Wtiat  is 
weight  of  one  cubic  meter  of  air  at  same  pressure  and  0*  C.  f 

If  two  pounds  of  air  at  a  temperature  of  40*  Fahr.  expand  adiabatically,  performing  work, 
till  the  volume  is  doubled,  what  is  the  final  temperature? 

What  is  the  original  volume  ?  What  is  final  pressure,  if  the  initial  pressure  ia  one  atmoa- 
phere  ?   Wliat  is  the  work  performed  ? 


CHAPTER  VI 

THZ  SIMPLE  BETERSIBLE   CTCLE    PBOCESS.* — ILLDBTRATIOH   OF   TBS 
PBO0E88  BT  ANALOQOCS  PBINCIPLES  OF  UEChAICS. 

SOPFOSE  in  the  cylinder  CC,  Fig.  18,  one  unit  in  weight  of  air 
of  the  Tolmne  Vi,  tension  ^i  and  absolute  temperatare  Ti- 

Let  this  Tolnme  ex- 
pand, performing  work 
(the  outer  preeaure  be- 
ing always  equal  to  the 
tension,  or  differing  only 
by  an  infinitely  small 
amount),  until  it  has  the 
volnme  Oo,  =  v^  and  the 
tension  p^  Let  ns  also 
assume  that  the  temper- 
ature  T,  remains  the 
aame,  So  that  heat  must  be 
imparted  from  withont 
--  The  expansion  therefore 
A  takes  place  along  the  iso- 

)  thermal  line    ^,2*,,  and 

I  the  heat  imparted  is  Qi. 

t   ^  The  area  v^TiT^v,   rep- 

resents   the    work   pei- 
"S   T*      "V*        ■*i  formed  by  the  air  durins 

PiB.  18.  .     •'  ^ 

expansion. 
Now  let  the  air  still  expand  from  the  volume  Ovi  =  f i  to 
Ov,  =  Vu  still  performing  work,  but  without  receiving  or  part- 

•[AcTClei»(ernied"filMRi"irihG  bodj  after  any  «er(ea  of  cbugH  ntarna  to  lt>  origlnil 
condltian,  olherwiH  It  !■  uUed  "ogwii."  A  cEoted  cycle  la  leimed  "ilmpit"  If  lU  banndlng 
cwnueoroDljr  IwotrpeB.  If  ormore  Ibin  two  lyp^ltUcdledcanpoaDd.  AclOKdc^cle 
pnictmla''mi(ralWt"wltentbechuig«of  ttiteare  conilaaODS.  Innicb  >  cjcluall  Ibe  cbBDge« 
BUT  take  placs  <d  reverM  order.] 

ir» 
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ing  with  heat,  that  is,  let  it  expand  adiabatically.  The  ex- 
pansion then  follows  the  adiabatic  curve  TiT^y  and  the  area 
TiTiVzVi  represents  the  outer  work  performed.  Since  this 
work  must  be  at  the  expense  of  the  vibration  work  or  tempera- 
ture, this  latter  must  decrease,  and  Ti  falls  to  TV 

The  work  thus  far  performed  is  therefore  given  by  the  area 
TiTiT^VsViTi,  and  the  amount  of  heat  imparted  is  Qi  heat 
units. 

Let  now  the  air,  whose  volume  is  Ov^  =  Vi  and  temperature 
T„  be  comjiaessed,  the  temperature  T,  being  kept  the  same,  untQ 
its  volume  is  Ov^  =  v^.  During  this  process  a  certain  amount 
of  heat  Qi  must  be  abstracted  in  order  that  the  temperature 
may  remain  the  same.  The  compression  follows  then  the 
isothermal  line  T^T^^  and  the  mechanical  work  necessary'  for 
compression  is  represented  by  the  area  TiViV^Tt. 

The  volume  Ov^  =  v^  may  be  so  chosen  that  when  the  air  is 
finally  compressed  adiabatically  to  the  volume  Vi,  the  air  shall 
be  again  in  its  initial  condition.  In  this  case,  the  work  per- 
formed upon  the  air  is  given  by  the  area  v^T^TiVi,  the  tem- 
perature rises  from  T^  to  7\,  and  the  expansive  force  rises  from 
p^iopi  again. 

A  process  of  this  kind  is  called  by  Clausius  a  **  simple  reversv- 
lie  cyde  process,*^  * 

As  remarked,  the  work  done  by  the  air  is  given  by  the  area 
TiTiTiVzViTu  and  that  performed  upon  the  air,  or  used  in 
the  compression,  is  given  by  the  area  TiVsViTiT2T2^  The 
difference  of  these  two  areas,  or  the  area  T1T1T2T2,  which  is 
shaded  in  the  Fig.,  and  is  inclosed  by  the  two  isothermal  and 
adiabatic  curves,  is  the  excess  of  the  wcyrh  performed  by  the  air  over 
thaJt  performed  upon  it. 

Since,  however,  heat  and  mechanical  work  are  equivalent ; 
since  the  generation  of  work  requires  heat,  and  the  generation 
of  heat  requires  work ;  the  heat  Qx  impaiied  during  the  change 
from  Ti  to  Ti,  as  shown  by  the  arrow,  must  be  greater  than 
the  heat  abstracted,  Q29  which  is  also  indicated  by  an  arrow. 
In  other  words,  the  difference  of  the  heat,  units  Qi—  Q2,  trans- 
formed into  work,  is  represented  by  the  area  Ti  Ti  T%  2V 
Since  the  heat  Qx  —  Q^  is  equivalent  to  the  work 

*  See  preceding  note. 
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we  have,  if  we  denote  the  area  T1T1T2T2  by  F, 

-J  (ft  -  ^2)  =  i^  .    .    .    .    (xxvnx) 

•or 

Qi-Q2  =  AF. 

We  have  thus  far  assumed  that  the  initial  condition  of  the 
air  is  given  by  the  quantities  VipiTi^  and  that  this  condition 
passes  gradually  into  the  condition  7\,  p^,  t?j,  or  T^,  ps,  v^  or, 
what  is  the  same  thing,  that  the  end  of  the  ordinate  pi  traverses 
the  outline  of  the  area  T^TiTiTi  in  the  direction  T^T^T^T.T^. 
We  may  have  its  motion,  however,  in  the  opposite  direction, 
T^T2T2T^Tx. 

In  such  case  we  have  evidently  the  work  of  compression 
greater  than  that  performed  by  the  air  during  the  expansion, 
and  the  difference    of   the    two  is  still  given  by  the   area 

Since,  then,  work  is  performed  upon  the  air,  an  equivalent 
amount  of  heat  is  generated  in  it,  or,  in  other  words,  the  heat 
Qi  abstracted  during  the  change  TiT^  must  be  greater  than  the 
heat  Qt  imparted  during  the  change  7\7V  We  have  therefore 
obtained  heat  instead  of  work. 

Since,  then,  mechanical  work  has  disappeared,  and  heat  been 
obtained,  we  must  have  the  same  equation  as  before,  but  with 
opposite  sign.    Thus 

-^,(ft-ft)  =  -i^.    .    .    (XXIX.) 

or 

-  (ft  -  ft)  =  -  AF. 

In  fact,  the  arrows  in  the  Fig.  must  now  have  an  opposite 
direction;  the  lower  should  point  toward  the  curve  T^T^^  the 
other  away  from  T^Tx. 

The  reason  for  the  change  of  sign  is  also  seen  in  that,  in  the 
present  case,  where  heat  is  generated,  the  end  of  the  ordinate 
Pi  goes  around  the  area  jPin  a  direction  opposite  to  that  in  which 
it  went  when  heat  disappeared  and  work  was  given  out  Since 
the  above  process  can  be  performed  in  either  way,  we  call  it  a 
"wiwpfe  BEVEBSEBLE  cyde  process,^^ 

Intermediate  Body  in  the  Cyde  Process. — ^It  is  evident  that  for 
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the  performance  of  a  cycle,  we  must  haye,  in  addition  to  tlie 
body  which  goes  through  the  cycle  of  changes,  and  which  we 
may  call  the  "  working  body  "  or  the  "  intermediate  body/*  also 
two  other  bodies,  one  of  which  gives  out  and  the  other  of  which^ 
absorbs  heat  In,  the  hot-air  engine  the  fire  is  the  source  of 
heat,  the  air  in  the  engine  is  the  intermediaie  bodifj  and  the  out- 
side air  is  the  body  which  absorbs  heat,  or  the  rtfrigerator.  In 
the  steam  engine  the  water  is  the  intermediate  body,  the  hot 
gases  of  combustion  the  source,  and  the  cold  condensing  water 
or  the  outside  air  the  refrigerator. 

If  the  absorption  and  rejection  of  heat  by  the  intermediate 
body  takes  place  as  represented  by  the  cycle  diagram,  it  is  evi- 
dent that  the  source  of  heat,  which  we  denote  by  K,  must  pos- 
sess so  much  heat  as  to  replace  each  time  the  loss  of  heat  of 
the  intermediate  body,  and  that  this  latter  body  must  be  able 
to  at  once  receive  each  new  accession. 

In  like  manner  the  refrigerator,  which  we  denote  by  J?!,  most 
be  able  at  every  moment  to  absorb  the  heat  excess  from  the  in- 
termediate body. 

In  practice  these  conditions  are  seldom  perfectly  fulfilled, 
and  hence  we  generally  find  the  calculated  work  varies  more  or 
less  &om  that  obtained  by  direct  observation. 

Now  that  we  have  introduced  the  bodies  K  and  Ki,  let  us  con- 
sider once  more  our  cycle  process. 

While  the  end  of  the  ordinate  pi  describes  the  circumference 
of  the  shaded  area  in  the  direction  7\  7\  7\,  etc.  The  inter- 
mediate body,  or  in  this  case  the  air,  receives  the  heat  Qi 
while  passing  from  Ti  to  2\.  The  source  K  then,  which  imparts 
this  heat  Qi,  sinks  in  temperature.  While  the  intermediate  body 
passes  from  T^  to  Toy  it  gives  up  the  quantity  of  heat  Q^  to  the 
refrigerator  iTi,  and  hence  the  temperature  of  Ki  rises.  But  now 
the  heat  Qi  is  greater  than  Qi  and  the  excess  corresponds  to  the 
work  performed  by  the  intermediate  body.  The  body  K,  there- 
fore, imparts  more  heat  than  the  body  Ki  receives.  The  disap- 
pearing heat  is  transformed  into  work. 

In  a  steam  engine  then,  where  the  steam  is  the  intermediate 
body,  the  heat  which  the  steam  possesses  before  performing  the  work 
must  be  greaJber  than  that  which  it  possesses  after y  and  which  it  im^ 
parts  to  the  condensing  waiter  or  to  the  air,  and  the  difference^  trans- 
formed into  toorkf  acts  upon  the  piston.    The  same  holds  good  for 
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the  hot-air  engine.  The  heat  which  the  hot  air  gives  up  to  the 
outer  air  is  less  than  the  heat  imparted  to  it,  by  an  amount 
equivalent  to  the  work  performed. 

Camot,  to  whom  the  cycle  process  is  due,  laid  down  the  fol- 
lowing principle  :  "  When  heat  passes  from  one  body  K,  through 
an  intermediate  body,  to  a  third  -ffi,  work  is  performed,  but  the 
heat  received  by  Ki  is  equal  to  that  lost  by  K^  This  last  clause 
contradicts,  as  we  see,  the  fundamental  principle  of  thermo- 
dynamics, and  is  incorrect 

If  the  end  of  the  ordinate  p^  passes  round  the  shaded  area  in 
the  direction  Ty  T,  Tl,  etc.,  then  along  the  path  T;  T„  the  heat 
Qt  is  absorbed,  and  the  temperature  of  K^  sinks.  Along  the 
path  Ti  Ti  the  heat  Qx  is  rejected,  and  this  heat  Qx  is  greater 
than  Qy  by  the  amount  of  heat  equivalent  to  the  work  performed 
upon  the  intermediate  body.  This  heat  Qi  —  Q,  is  now  given 
up  to  the  body  K,  which  thus  receives  more  heat  than  the  first 
gave  out 

Transformation  of  Equation  XXVIII. — ^We  can  now  give  to 
the  Equation, 


^{q.-q)  =  f. 


or 

Q,-Q,=^AF (1). 

another  form. 

Since  the  curves  Ti  T^  and  7\  T^  are  adiabatic  curves,  and 
Ti  Ti  and  T2  T^  are  isothermal  curves,  we  may,  according  to 
Eq.  XXY.,  express  the  ratio  of  the  quantities  of  heat  Qi  and 
Qs)  in  terms  of  the  absolute  temperatures. 

We  have,  according  to  that  Equation, 

therefore 

If  we  substitute  the  value  of  Q2  in  (1)  we  have 

Q,-9^*  =  AF,    or    9l?Lz^^  =  AF, 
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or 

F  =  -^y,-T,) (XXX.) 

If  we  substitute  the  value  of  Qi  in  (1)  we  have 

^-Q,^AF,  or  9lILz^^AF, 

or 

F=^{T,-T,).     .     .    .     (XXXL) 

1 

Since  -j  =  424  meter-kilograms^  we  have  also 

F  =  '^UTt-T,). 

We  have,  therefoite,  the  following  important  principle :  The 
work  performjed  by  the  intermediate  body  in  a  simple  reversible 
cycle  process,  or,  when  the  process  is  reversed,  the  loorh  performed 
upon  this  body  is  directly  proportional  to  the  amount  of  heat  absorbed 
or  rejected,  and  also  to  the  difference  bettveen  the  highest  and  lowest 
temperatures. 

The  correctness  of  this  principle  is  also  seen  at  once  from  our 
Figure.  The  greater  Ti  or  the  less  T^  or  the  higher  the  end  of 
the  ordinate  pi  and  the  lower  that  of  p^  so  much  the  greater  is 
the  vertical  depth  of  the  shaded  area.  Also,  the  more  the  gas 
expands  under  constant  temperature  along  the  isothermal  T^T^ 
— ^the  more  heat,  therefore,  is  imparted  to  it  in  order  to  main- 
tain its  temperature  constant — the  further  apart  are  the  ordi- 
nates  px  and  p^  and  so  much  the  greater  is  the  length  of  the 
shaded  area. 

The  heat  Qi  absorbed,  or  the  heat  Q^  rejected  by  the  gas  in 
passing  over  the  isothermals  T^  2\  or  T^  T^,  may  be  calculated 
from  Equation  XV.,  when  the  initial  and  end  volumes,  Vx  and  v, 
and  the  initial  and  end  pressures,  pi  and  p,  are  known.  But 
from  Equation  XYL  we  can  determine  Qi  and  Q^,  when  we 
know  the  initial  and  end  volumes,  as  well  as  the  temperatures 
Ti  and  T^ 
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EXAMPLE. 

A  hot-air.  engine  is  so  constracted,  that  each  unit  of  air  in  it  makes,  for  each 
double  stroke  of  the  engine,  a  complete,  simple,  reversible  cycle  process.  The 
initial  temperature  T^  is,  for  the  greatest  compression,  27B  +  300  =  573%  the 
lowest  temperature  T^  is  278''  -f  0  =  278%  What  work  will  the  air  perform 
when  it  expands  from  the  initial  volume  v^  to  )  v^  under  constant  temperature, 
and  then  expands  adiabatically  ? 

The  heat  imparted  is,  from  Equation  XVI., 


Qy  =  2,3026  ART^  log  l^l 
2.8026  X  29.278  x  573  x  0.125 


Vi 


—  .^. =  11.89  heat  units. 

The  mechanical  work  is  therefore,  from  Equation  XXX., 

J'="-";^^(578-278) 
=  8.48  X  800  =  2529  meter-kilograms. 

If  we  substitute  in  the  formula 

the  value  of  Qi  from  XVL,  we  have 

F=2.3026B{T^-T2)log.^.    .    (XXXH) 

The  mechanical  work,  therefore,  increases  with  the  expansion 

ratio    —   and  the  difiference  of  the  absolute  temperatures  Ti 

and  Tg. 
Since  Ti  -  Ji  =  (273  +  ^i  -  [273  +  W]),  we  have  also 

F  =  2.d026R(t,-(2)log  ~.    .    (XXXin.) 

where  ^  and  ^  are  the  temperatures  in  centigrade  degrees.  We 
shall  have  occasion  to  refer  to  these  equations  in  our  discus- 
Bion  of  the  engines  of  Ericsson  and  Lehmann. 

Illustration  of  these  Principles  by  Analogous  Mechaniocd  Prind- 
jiies, — ^In  illustration  of  the  formula 
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or  F=-^^{T,-T,) 

• 

we  may,  as  has  been  done  by  Zeuner,  make  use  of  the  follow- 
ing^ mechanical  considerations. 

Let  AAu  BBi^  and  (7Ci  be  three  planes  one  above  another. 
The  distance  between  AA^  and  CCi  is  Ai,  and  between  BBi  and 

Suppose  a  weight  O  placed  upon  BB^^  then  the  uniform 
sinking  of  this  weight  through  the  height  A3  wiU  perform  the 
work 

GK 

I^  for  example,  O  is  the  weight  of  a  quantity  of  water  which 

arrives  every  second,  the  fall  of 

C Jt»  C^  this  water  may  put  in  motion  a 

!  vertical    water-wheel,   and,  for 

I  uniform  motion  of  the  wheel, 

j  give  a  mechanical  effect  every 

i  second  expressed  by 

i     f '  GK 

T*  If  we  denote  this  product  by 

;  i?a,  we  have 

Ay 


Fio.  19.  i^a  =  Ghi  or 

"=? ...■..» 

If  the  same  mass  were  to  sink,  performing  work,  from  the 
plane  OOi,  we  should  obtain  the  work  Ok^.  If  we  denote  this 
by  If^iy  we  have 

JFi^^GK    OT    G=^'- (2). 

If  we  raise  the  weight  G  from  the  plane  BBi  to  the  plane 
COu  the  work  performed  is 

This  would  also  be  the  work  obtained  if  we  should  allow  G 
to  sink  uniformly  from  the  upper  plane  to  the  lower,  and  then 
raise  it  with  the  same  uniform  velocity  from  the  lowest  plane 
to  the  plane  BBi. 
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If  now,  we  substitute  in  the  last  equation  the  yalue  of  O  from 
(2)  and  (3;,  we  have 


or 

These  equations  have  precisely  the  same  form  as  those  al- 
ready given,  viz. : 

and 

There,  the  products  424  Qi  and  424^2  represent  the  mechani- 
cal works  corresponding  to  the  quantities  of  heat  Qi  and  Q^, 
just  as  now,  Fi  and  F2  represent  the  mechanical  works  obtained 
by  the  sinking  of  the  weight  G  from  the  heights  ^i  and  Ii^,  If 
we  allow  the  weight  0  .to  fall  freely  through  the  distances  Ai 
and  hi,  the  products .  Ghi  =  Fi  and  6^*2  =  -^2  will  represent  the 
work  potential  in  the  weight  in  the  form  of  living  force.    But 

if  the  products  424Qi  and  424^29  or  what  is  the  same  thing,  ~ 

and  ^  represent  mechanical  work,  we  may  consider  the  quo- 

tients 

424ft      424ft     ^^     ft      ^^.      ft 

as  weights,  the  so-called  "  heot  toeights,''  of  Prof.  Zeuner.*  Since 
further,  the  difference  7i  —  ^2  is  equivalent  in  significance  with 
Ai  —  Aa,  we  may  call  the  difference  Ti—  T^  the  "  temperature 

•  [The  "AM^tc^A^"  of  Prof.  Zeuner  Is  Identical  with  the  "Ourmodynamie function  ^^  of 
Bankliie,  or  "•*  entrcptf^^^  as  defined  by  Claufiltie.  The  term  **  entropy ''  has  been  nsed  by  Talt, 
Thomaon,  Maxwell,  and  others,  with  an  entirely  different  signification.  The  term  "  thermo- 
dynamic function  '*  la  perhaps  fcood  enongh  as  a  name  for  a  certain  fnnctlon  of  the  heat  and 
temperature,  which occnrs  so  often  as  to  render  a  special  name  for  It  desirable.  The  term  "heat 
weight,"  not  only  answers  this  end,  bnt  also  gives  an  analogical  significance  to  the  term,  which 
B  of  real  service  in  using  It.  We  therefore  use  it  exclut'ively.  Those  who  prefer  to  call  It  *'  ther-* 
mlc  weight "  can  do  so.] 
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We  may  therefore  express  the  principle  of  the  simple  revers- 
ible cycle  process,  as  follows :  The  work  'performed  by  the  inter- 
mediate  body  in  the  simple  reversible  cyde  prooess,  is  directly  propor- 

tiondl  to  the  limt  tveights  ( -j^  and  -~^  j  imparted  or  given  out, 
as  well  as  to  the  temperature  fall  (7i  —  T^j. 


QUESTIONS  FOB  EXAMINATION. 

What  \%  a  cycle  procoM  ?  When  is  sach  a^roceeo  said  to  be  "  clo«ed  f  **  What  Is  a  Blmple 
cycle  process  ?  What  is  a  compound  1  When  Is  a  cycle  process  reversible  f  What  is  a  simple 
reversible  cycle  process  ?  By  how  much  does  the  heat  imparted  exceed  that  abstracted  ?  I>raw 
the  Figure,  and  show  what  represents  the  work  performed.  What  is  the  intermediate  body  ? 
Give  examples.  In  a  steam  engine  is  the  heat  of  the  steam  before  performing  work  greater  than 
that  after  ?  What  becomes  of  the  difference  ?  State  Camot^s  principle.  What  is  Incorrect  in 
this  statement,  and  why  ?  Deduce  an  expression  for  the  work  in  a  simple  reversible  cycle  pro* 
cess  in  terms  of  the  heat  absorbed  or  rejected,  and  the  highest  and  lowest  temperatures. 

Illustrate  these  principles  by  analogous  principles  of  mechanics.  What  is  the  heat  weight? 
Why  w  it  so  called  ?  What  is  the  temperature  fall  ?  How  do  you  express  the  work  in  the  simple 
reversible  cycle  process  in  terms  of  the  heat  weight  and  temi)erature  fall  ?  What  do  you  under- 
stand by  thermodynamic  function  ?  What  other  term  has  been  given  to  this  quantity  ?  Why  If 
it  not  appropriate  ? 


»/^ 


Fig.  90. 
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CHAPTEB  Vn. 

6ENEBAL  LAW  OP  THE  RELATION  BETWEEN  PBEBSUBE  AND  YOLUME 
OF  A  GAS — QRAPHIOAL  BEPBESENTATION  OF  THE  INNEB  WOBK. 

Review  of  the  preceding  Principlea. — ^We  have  thus  far  con- 
sidered the  following  cases  of  the     -y- 
change  of  pressure  and  volume  of 
a  gas,  especially  of  air. 

1.  The  volume  is  constant^  and 
hence  the  expansive  force  in- 
creases with  the  temperature. 

If  Ov  is  the  specific  volume  at 
0°  and  p  the  pressure,  then  the 
pressure  at  273°  is  2p,  etc.    The    ^ 
line  vAy  which  gives  the  relation 
between  pressure  and  volume,  is  parallel  to  the  axis  of  ordi- 
nates  0  Y* 

If  we  denote  the  inner  work  at  the  temperature  TibjU^  we 
have 

where  c  is  the  specific  heat  for  constant  volume. 
li  Vis  the  inner  work  for  the  temperature  T,  we  have 

hence  the  change  of  inner  work  is 


*  [Such  a  line  may  be  called  an  "  isometric  /iiM,"  or  line  of  equal  Tolmne.] 
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Or,  since  2"=  273  +  <  and  T^  ^  273  +  «,, 

If  Q  is  the  heat  imparted  during  this  change, 

or 

According  to  the  combined  law  of  Mariotte  and  Qay-Lossac, 
we  have 

po^BT,    and    p^Vi  =  BT^\ 

hence 

pv  _T , 


i)iv,     71  • 

or,  since  Vi  —  v, 

Pi      T^ 

and  hence 

1 

T        273  +  < 

^  "^  2;  "^273  +  ^1* 


2.  7^  expatisiveforoe  is  constant,  or  the  expansion  takes  place 
under  constant  pressure. 

If  Ovi  Fig.  21  is  the  specific 
volume  for  the  temperature  ^ 
and  pressure  pty  and  Ov  the 
volume  for  the  same  pressure 
p  and  the  temperature  t,  then 
the  change  of  inner  work  is 

^    and  the  line  AB  parallel  to  the 
axis  of  abscissas  gives  the  re- 


Fie.  81. 


lation  between  volume  and  pressure.' 


*  [Such  a  line  may  be  called  an  **  Uc^jUstie  Une^^^  or  line  of  eqaal  pressuie.] 
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The  outer  work  performed,  which  is  represented  by  the 
rectangle  ViABv^  has  the  value 

Zri  =  ^  (i;  -  Vl), 
or  Xi  =  5  (^  -  ^,)- 

Since  here  both  outer  and  inner  work  is  performed,  we  have 
the  equation 

or  l/  =  ^(^-^)  +  5(^-^)=  Q  +  R^{t-t^. 

The  heat  imparted  is 

where  he  is  the  specific  heat  by  constant  pressure. 
Further,  we  have 

Piv^  =  BTt 

RT 


pa=RT,    hence,    ^  =  ^t,' 


or  smce  jpi  =  j>, 


V  _  T  _  273  +  ^ 
Vi"  ri""273  +  ti' 


3.  The  air  eacpaivda  under  constant  temperature^  according  to 
Mariotte's  law : 

pv  =p^Vt=PiV2  =i:^Vto  etc. 

In  this  case  the  end  of  the  ordi- 
nate Pf  which  gives  the  pressure 
for  the  volume  v  and  temperature 
ty  describes  the  isothermal,  or,  in 
the  case  of  a  gas,  the  isodynamic 
curve*  ABy  and  the  area  of  the 
space  ViABv,  gives  the  outer  work 
performed- 

This  we  have  found  to  be 

V 


L  =  2.3026  Vipt  log  -  , 


or 


Pi 


L  =  2.3026  v^px  log  ^ . 


*  [Sometimes  called  the  "  isenergic  curtw/'] 
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The  goODtity  of  heat  imparted  is 

g  =  2.3026  Athpi  log  - 


Q  =  2.3026  ^»p  log  ^. 
We  have  also  lotind 


Q  =  2.3026  ART^  log  -  ,  etc., 


i  =  2.3026 ijyiog  -.eto, 
f\ 

Wliile,  therefore,  in  (1)  and  (2)  the  heat  Q  imparted  may  be 

fonnd  directly  from  the  initial  and  final  temperatures,  or,  as 

'we  say,  is  a  function  of  ^  and  t,  here  it  iB  determined  by  three 

qoantities,  vu.,  the  temperature  T'and  the  initial  and  end  vol- 

nmes,  or  by  T'and  the  initial  and  end  pressnrea. 

4.   The  air  ex^nds,  performing  worJc,  at  the  expSTtae  of  ita  oton 
heat,  according  to  the  lav 

^7)^**  =^it)j'-*' = ,  etc., 
or 

Pi  ^  /^y-" 

P         \VtJ 

^  The  end  of  the .  ordinate  jJi,  Fig. 

23,  vhich  gives  the  initial  pressure 
for  the  specific  rolnme  v,  and  the 
temperature  ti,  describes  during  ex- 
pansion the  abiabatic  cnrre*  AB, 
which  approaches  the  axis  of  ab- 
scissas OX  more  quickly  than  the 
isothermal 
!E^irther  we  have  found 


_  273  +  (i 
"  273  +  S  • 


273  +  t, 
273  +  r 


*  [SomeUdUn  died  the  "iMnfnyil^ilifrH," 
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The  inner  work  which  disappears  is 

where  ^  is  the  initial  and  t  the  final  temperature.    Since  this 
is  eqnal  to  the  outer  work  performed,  we  have  also 

and  this  work  (or  the  disappearing  inner  work),  is  represented 
hy  the  area  tiABv. 
For  Q  we  have 

Finally,  we  have  also  found 


L=    ' 


Alt 
or 


-[-(i)n- 


^=is^*.['-(?n- 


c  1 

Since  we  have  found  -j--d  =  t.__  -■  j  we  have  also 


*-i 


.^[i-(^n 


OenercH  Law  as  to  the  BekUion  "between  Volume  and  Pressure. — ^In 
view  of  what  has  preceded,  it  will  now  be  easy  to  include  all 
these  special  cases  under  one  general  law. 

Li  case  (4)  when  the  air  expanded  from  the  volume  Vt  to  t;, 
there  was  no  heat  imparted,  the  pressure  diminished  rapidly 
as  the  volume  increased,  and  the  relation  between  pressure  and 
volume  was  given  by  the  equation 

i>l^l*=J?2^2* (!)• 

or,  in  the  case  of  air. 

In  the  following  Fig.  let  the  curve  ojc  represent  the  law  of 
change  of  pressure  and  volume  for  this  case. 
In  case  (3)  as  the  volume  increased  the  decrease  of  pressure 
13 
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was  less  than  in  case  (4).    The  law  of  ohange  was  given  by  ihe 
equation 

PiVi—p%r>%,  etc. 

This  equation  is  at  once  obtained  if  we  insert  A;  =  1  in  the 
first  equation  above.  Let  the  curve  a6,  the  isothermal  curve^ 
represent  in  this  case  the  law  of  relation  between  the  pressure 
and  volume. 


Oompresri^    / 


Soat 
Gefieritted 

Work 
tibsoriwl 


JtMb' 


Beat 


In  case  (2)  the  pressure  was  constant  as  the  volume  in- 
creased,  and  we  had 

and  this  obtained  from  (1)  by  making  A:  =  0.    The  line  odor  ai 
gives  the  law  for  this  case. 

In  the  first  case,  the  volume  remained  constant  while  the 
pressure  changed,  and  we  had 

^j  =  ^j  =  ^ 

This  is  obtained  from  Eq.  (1)  by  putting  0  for  the  exponent  of 
p  and  making  2;  =  1.     The  line  af  gives  the  law  for  this  case. 

We  see,  therefore,  that  the  laws  connecting  pressure  and 
volume  are  given  by  the  exponents  of  the  factors  v  and  jp,  and 
for  different  exponents  we  may  thus  have  a  number  of  laws  and 
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corves,  all  of  which  are  based  upon  the  same  general  law. 
If,  then,  —  is  any  number,  whole  or  fractional,  positive  or  nega- 
tive, we  have,  p7)^z=:p^Vi^^z=ip^V^^.     .     .      (XXXIV.) 

or  j^*"  tJ*  =Pi*  Vi"  =P2^  V 

w  the  generd  law  hettoeen  pressure  arid  volume. 

Thus,  if  we  have  r»  =  1  and  w  =  1,  we  have  the  law  of  the 
isothermal  curve  ah.  If  m  =  1  and  n  =  1.41,  we  have  the  adia- 
batic  curve  ac  If  m  =  1  and  n  >  1.41,  we  have  a  curve  which 
approaches  the  axis  of  abscissas  more  rapidly  than  the  adia- 
batic  Such  a  curve  is  a2.  If  m  =  1  and  n  <  1  but  greater 
than  0,  the  corresponding  curve  will  lie  between  ab  and  ad. 
K  n  has  a  negative  value,  if,  for  example,  m  =  1  and  n  =  —  2, 
the  corresponding  curve  lies  between  ad  and  a/.  Such  a  curve 
is  represented  by  ae. 

All  these  curves  are  conrex  to  the  axis  of  abscissas,  but  we 
may  have  curves  which  are  concave  also,  as  oo  or  ax. 

We  assume,  in  perfect  accordance  with  the  preceding,  that 
curVes  to  the  right  of  the  line  Bof,  parallel  to  the  axis  of  ordi- 
nates,  apply  to  expansion.  In  such  case,  work  is  performed 
and  heat  is  absorbed,  as  indicated  on  the  Figure.  This  heat 
may  be  at  the  expense  of  the  heat  in  the  gas  itself,  or  it  may  be 
imparted  from  without  For  all  curves  between  ac  and  of,  on 
the  right,  heat  is  imparted  during  the  expansion.  On  the  other 
hand,  for  all  below  ac  heat  is  abstracted.  The  curves  left  of 
Baf  apply  to  compression.  In  such  cases  work  is  performed 
in  compressing  the  gas,  or  work  is  absorbed  by  the  inter- 
mediate body,  and  heat  is  generated.  In  the  Figure  ah  is  an 
isothermal  and  ag  an  adiabatic  line.  The  sign  +  indicates 
work  performed  by  the  body,  the  sign  minus  indicates  work 
absorbed,  or  performed  upon  the  body. 

The  above  considerations  find  a  very  interesting  application 
in  the  discussion  of  gas  engines. 

The  question  arises,  what  is  the  general  expression  which 
gives  the  general  law  for  the  temperature  when  the  relation 
between  pressure  and  volume  for  expansion  or  compression 
are  known  ?  and  how  can  we  determine  the  work  done  during 
expansion  by  the  intermediate  body,  or  absorbed  by  it  during 
compression? 
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We  can  put     px  «i"»  =  ■  =p^  v^^  v^m 

^1 


and  pv "» •-=  — =  pw  ^     , 

m 

Since,  however,  p{Oi  =  ^7^  and^  =  ^7^,  we  have 


«-i      ^^"-i 


^7;«i"»     ^RTt^'^, 


that  is, 


n      ^  n  — m 


^?=Q'  =0    •••'^'•> 


or 


•  —  m 


/ 1;  \  "»   _  7^ 


EXAMPLE. 

The  specific  voliime  of  air  t;,  =  1  has  the  temperature  ^,  =  80°,  and  ex- 
pands performing  work  up  to  the  volume  v=.2v^.  What  will  be  the  final  tem- 
perature when  the  law  of  expansion  is^,t;,  -  *  =jw;— « ? 

We  hare 

l±^  =  g±82,    and    rJ.f~'=(iy*=i-\ 
a  +  t       273 +  <  \v  /  \vj  ' 

hence 

OAQ  -f 

^^^  =  ±     and    278  +  <=808x  8  =  2434,    or 

t  =  2424  -  278  =  2151'. 
If,  on  the  other  hand,  the  law  of  expansion  had  been 

we  should  have  had 


irrt-{Vj      "^    278T7=^' 


hence  2/=-546  +  803=-  243,    or 

t  =  - 121.5% 

The  curve  which  gives  for  this  case  the  relation  between  Yolume  and  pressurs 
i^pioaches  the  axis  of  abscissas  moisi  rapidly  than  the  adiabatic,  because  the 
exponent  2  Ib  greater  than  1.41,  and  as  already  explained,  we  must  therefore 
abstract  from  the  intermediate  body  a  certain  amount  of  heat.  (See  the  line  cU 
in  the  Fig.) 
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If  in  the  formula  already  found  in  the  case  of  the  adiabatic 
curve, 


x=,V'.[-(5)'-]. 


we  put  &  =  - ,  we  have 


and  this  is  the  general  expression  for  the  outer  work,  when 
the  relation  between  the  volume  and  tension  is  given  by  the 
general  formula. 

jPjVj  m  =  |)u  m  j      or     jPi"*Vi"  =  p^v"^ . 

Since  now  f -M   "*  =  ^  ,  andj^zji  =  -B^i,  we  have  also 

"*     R  ih  -  t). 


n  —  m 
Also,  since 

C(A!-1) 


^i;=  -^  ?.(*=- P  («,-<).  .  (xxxvn.) 

n  —  tn       A 
The  change  of  inner  work  is  as  always, 

U ~  U,  =  ^(t -  t{). 

If  Q  is  the  amount  of  heat  equivalent  to  these  two  works, 
we  have 

or  

Q=:A{U-Ui)^  AL,    .    (XXXVm.) 


and  by  inserting  the  values  above, 


m 


Q  =  oit-t,)  +  -^cik-l)iU-t). 
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This  may  be  written 


=  ^(^-^^)[i-^(*-i>] 


=  — — ^c(i-t,) (XXXIX.) 

This  formula  shows  that  the  heat,  Q,  imparted  or  abstracted^ 
%8  directty  proportiovud  to  the  diffh^ence  of  the  temperatures. 

But  the  amount  of  heat  Q  can  be  calculated  from  the  specific 
heat  and  the  temperature  difference  ti  —  t  This  specific  heat 
is,  however,  unknown  in  the  present  case.  It  is  evident  that  it 
must  be  different  from  that  for  constant  pressure  or  for  con- 
stant volume.     Let  us  denote  it  by  8.    Then 

Q  =  s{t-t,) (XL.) 

If,  now,  we  put  these  two  values  of  Q  equal,  we  can  easily 
find  8.    Thus  we  have 

8{t-^t^)  =  — — — c(^~4), 

or 

8  — c. (XLL) 

7a  — n 

If,  for  example,  the  law  of  change  of  pressure  with  volume 
is 

we  have  m  =  1  and  ti  =  —  2,  and  hence  the  specific  heat  for 
this  law  of  expansion  is 

^  =  rr^o  ^.    or  for  air    -^  x  0.16847  =  0.1915, 

that  is,  this  is  the  quantity  of  heat  which  must  be  imparted  to 
1  kilogram  of  air  when  expanding  according  to  the  assumed 
law,  in  order  to  raise  its  temperature  1°. 

The  curve  aJc,  Fig.  25,  represents  the  law  in  the  present  case, 
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and  the  shaded  area  acde  represents  the  outer  vork  performed 
by  the  gaa  during  expansion,  when  the  speoifio  volume  iuoreases 
from  V]  to  jvi.  We  see  that  the 
cnire  departs  rapidly  from  the  lois 
of  X  as  the  Tolnme  increases.  It  is, 
evident,  also,  that  the  onter  press- 
ure gradually  increases  from  ^  to 
p,  as  we  always  assume  the  outer 
inessure  at  any  moment  as  less  than 
the  inner  preBsare  at  that  moment 
by  an  infinitely  small  amount 


i-4, 


Graphical  Bepreaentation  of  the 
Inner  Work. — ^We  can  now  repre- 
sent the  increase  or  diminution  of 

the  inner  work   in  a  manner  similar  to  that  which  has  been 
employed  for  the  outer. 

Let  the  specific  Tolnme  have  the  pressure  pi  and  the  vol- 
ume Vi,  and  let  the  inner  work  be  U,.  Then  let  the  air  ex- 
pand whUe  heat  is  imparted  to  it,  so  thai  the  inner  work  ^i 
remains  comtant.  The  expansion  takes  place  along  the  iso- 
thermal line  ade.  When,  then,  the  air  has  expanded  to  the 
condition  pv,  the  inner  work 
is  still  therefore  Ui. 
^  If  we  assume,  again,  heat  im- 

parted ao  that  the  volume  Vi 
and  pressure  pi  become  Vt  and 
Pi,  the  change  taking  place  ac- 
cording to  any  law  or  curve,  as 
acb,  then  the  outer  work  per- 
formed is  ViObVf  The  inner 
work  at  r^p,  is  then  no  longer 
»  Ui.    Suppose  it  is  U^.    Let  us 

denote  the   heat  required  for 
this    change   by   Qi,  then  we 


where  Li  is  the  onter  work  performed. 
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Let  xa  now  asanme  diat  the  air  expands  at  the  expense  of  its 
heat,  until  its  volume  is  v  and  preasore  p.  The  expansion  fol- 
lows then  the  adiabatic  curve  bge,  and  the  area  bgemt^  gives  the 
outer  work,  or  what  is  the  same  thing,  the  disappearing  inner 
work.  Since  now  the  point  e  of  the  adiabatic  curve  falls  upon 
the  isothermal,  the  air  has  at  this  point  the  same  temperature 
as  at  any  point  of  ade.  The  inner  work  is  therefore  C/",.  While, 
then,  the  air  passes  from  the  condition  T^pt  to  the  condition  vp, 
the  inner  work  changes  from  U^  to  f,,  or  the  inner  work  which 
disappears  \aUi  —  Ui.  Just  the  same  inner  work  has  been  im- 
parted on  the  way  from  T^pl  to  ■s^Pi.  Hence  the  inar&xae  of  the 
inner  work  Ut  —  U^,ia  given  by  the  area  hgevt^ 

While  then  the  area  tiohvi,  shaded  vertically  in  the  Figure, 
gives  the  outer  work  which  the  air  performs  in  passing  from 
Vipi  to  ViPi,  the  area  v^)gev,  shaded  horizontally  in  the  Figure, 
gives  the  increase  of  inner  work. 

If,  therefore,  the  specific  air  volume  in  the  condition  v^pi 
expands  under  the  addition  of  heat,  performing  work  along 
the  curve  ad),  until  the  volume  is  Vt  and  the  pressure  p^,  we 
may  find  the  increase  of  inner  work  as  follows : 

Construct  through  a,  the  isothermal  ade,  and  the  adiabatic 

hge  through  b,  and  from  their  intersection  e,  let  fall  the  vertical 

ve.    The  area  v^Jixjev  gives  the  increase  of  inner  work.    The  area 

Vyobet}  gives  the  sum  of  the  inner  fuid  outer  works,  which  is 

equivalent  to  the  heat 

X  imparted. 

The  increase  of  in- 
ner work  may  also  be 
found  as  follows  :  Pass 
through  b  the  isother- 
mal bgh,  and  through 
any  point  g  on  it,  the 
adiabatic  gi,  and  pro- 
duce it  till  it  meets  the 
n  X    isothermal   through    a 

in  t.    Let  fall  the  ver^ 
tical  Id,     Then  it  is 
at  once  evident  that  the  area  gild  gives  the  inner  work  im- 
parted. 
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QUESTIONS  f6b  EXAMINATION. 

What  is  an  iaometric  line  ?  Illnettrate  for  air.  What  is  the  expression  for  the  change  of 
Inner  work  ?  For  the  heat  imparted  ?  What  is  the  outer  work  r  What  is  the  relation  between 
preasure  and  temperatore  f 

What  is  an  isopiestic  line  ?  Illustrate  for  air.  What  is  the  change  of  inner  work  f  What  is 
the  ooter  work  f  What  is  the  heat  imparted  f  What  is  the  relation  between  volume  and  tem- 
perature ? 

Give  Mariotte^s  law.  Illustrate.  What  Is  an  isothermal  line  ?  An  Isodynamic  ?  An  isen- 
enific  ?  What  is  the  outer  work  for  air  f  For  any  gas  ?  The  heat  imparted  f  What  is  iho 
change  of  inner  wurk  f 

Give  the  adiabatic  law  for  air.  For  any  gas.  What  is  an  fsentropic  curve  ?  Why  may  we 
call  the  adiabatic  law  the  exponential  law  of  Mariottc  T  What  is  the  inner  work  which  disap- 
pears ?  Why  ?  What  is  the  outer  work  ?  What  relation  does  this  bear  to  the  inner  work  ? 
Why  r    Give  other  expreMions  for  the  outer  work. 

State  the  general  law  between  volume  and  pressure.  Are  all  others  special  cases  of  this 
law  ?  What  changes  give  the  adiabatic  ?  The  isothermal  ?  Tlie  isopiestic  1  The  isometric  ? 
Illustrate  by  a  diagram.  What  is  the  general  Ihw  for  the  relation  between  volume  and  tem- 
peratnre  for  any  perfect  gas  ?    Deduce.    Between  pressure  and  temperature  ?    Deduce. 

What  is  the  general  expression  for  the  outer  work  ?  Deduce  it.  Give  it  again  in  tenns  of 
temperature.    What  is  the  general  expression  for  the  heat  imparted  ? 

Deduce  a  general  expresrion  for  the  specific  heat,  whatever  may  be  the  law  of  variation  of 
▼olnme  with  pressure. 

Give  and  explain  graphical  representations  of  the  inner  work. 

If  10  cubic  meters  of  air  are  heated  under  atmospheric  pressure  from  V*  to  100^  C,  what  is 
the  new  volume  ?  What  is  the  new  density  1  What  is  the  weight  of  each  cubic  meter  of  the 
new  volume  ?    What  is  the  work  of  expansion  ? 

If  heated  ander  constant  volume,  what  is  the  new  pressure  ? 

If,  while  the  air  is  heated  and  expands,  the  temperature  is  kept  constant,  and  the  tension 
at  any  Instant  is  equal  to  the  outer  pressure,  what  will  be  the  pressure  when  the  volume  is  12 
cubic  meters  ?   What  will  be  the  work  performed  1    What  the  heat  imparted  t 

If  no  heat  is  imparted,  what  will  be  the  pressure  when  the  volume  la  80  cubic  meters  ? 
What  will  be  the  work  performed  ?   What  amount  of  heat  will  disappear  ? 


NOTATION  OP  MOST  FEEQUENT  USE, 


COMPILED  FOB 


CONVENIENCE  OP  REFERENCE. 


A  =  f\j  of  a  heat  unit  =  thermal  eqaivalent  of  one  tmit  of  work. 

1 

—  =  424  meter-kilograms  =  mechanical  equivalent  of  one  unit  of  heat 

a  =  co-efficient  of  expansion  =  ^l^  for  air  and  perfect  gases. 

e  =  specific  heat,  generally  for  constant  volume  unless  otherwise  specified. 

Cv  =  specific  heat  for  constant  volume. 

Cp  =  specific  heat  for  constant  pressure. 

D  =  density. 

F  =  outer  work  performed  by  or  absorbed  in  cycle  process. 

G  =  weight  of  a  given  volume  of  gas. 

J  =  disgregation  work  in  a  heated  body. 

A;  =  -^  =  ratio  of  specific  heat  at  constant  pressure  to  that  at  constant  volume. 

For  air  =  1.41.    . 
L  =  outer  work  performed  by  expanding  body, 
m,  n,  =  co-efficients  of  pressure  and  volume  in  general  law,  for  variation  of  these 

quantities  in  gases,  viz.,  j>»*v»  r=^,  m^^n . 
p  =  specific  pressure,  i.  e.,  pressure  upon  unit  of  surface. 
Q  =  amount'of  heat  measured  in  heat  units. 
B  =  outer  work  performed  by  expansion  of  one  unit  of  weight  of  gas,  when 

heated  under  pressure  of  atmosphere  (760"*''*'  =  10344  kiL  per  sq.  meter) 

from  0"  to  IX. 

8  =  specific  heat  in  general,  whatever  be  the  law  of  variation  of  pressure  with 

,  mk  —  n 

volume  = c . 

m  —  M 

T  =  absolute  temperature,  reckoned  from  —  273*"  C. 

t  =  temperature  by  centigrade  thermometer. 

U  =  inner  work  =  vibration  work  plus  disgregation  work. 

V  =  volume  of  any  given  body. 

V  =  specific  volume,  ».  e.,  volume  of  unit  of  weight. 
W  =  vibration  work  when  any  body  is  heated. 
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KECAPITTTLATION   OP  PEINCIPAL  FORMTJLiB 


FOR 


CONVENIENCE  OF  BEFBEENCB. 


I 

Fundamental  Equations  : 


Q  =  A(W+J+L) L  (page  124 

Q  =  A(U-\-L) n.  (page  124. 


Constant  Yolume : 


Expansion  of  gases— constant  pressure  : 

New  volume  =  F(l  +  0.008670, 

or    F(l  +  aO ni.  (page  188 

^=rT-^ IV.(pagel88. 

Weight  of  air : 

^  =  TT-S«^ V.(p.gel89. 

New  pressure  =  ^  (1  +  a() VI.  (page  141. 

a  =  rh  =  0.00867  for  perfect  gases. 

Z  =  cT*^l) VII.(p.gel«. 

£  for  air  =  20.272,  kilogrs.  k  =  1.41. 
Mariotte's  law  :    ViPi  =  Vtp^  =  v^a,  etc.    .    VIII.  (page  147. 

Mariotte  and  Gay  Lussac's  combined  : 

vj_^p,     -i+jcl,  DC  (page  148. 

V,      Pi      1  +  a/g 

5-;=^-lT^.-     •     •     •    3C.(l«g«148. 

Tj  =  278  +  /,,  r,  =  278  +  /„  etc. 
p^v^  =  ^Ti,    /)aV,  =  RTi,    PiV^  =  -RTj,  etc.    .    XII.  (page  151. 
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Isothermal  curve  :  pv  =  p^v^  ^P%^v  ®^ 


V 


Zf  =  2.3026;?ylog  — 


=  2.3026p,t;,log—     .    .    .    XIH.  (page  155.) 
Z  =  2.3026i>vlog=2l  ....    XIV.  (page  155). 


Q= 


V 


2.30204/)!;  log— .    .    .    .    XV.  (page  167). 


Laodynamic  curve : 


V 


g  =  2.3020  ^i2r  log  — 


Vi 


Adiabatic  curve : 


2.3020^8^1  log  ^.    .    .    XVL  (page  158.)* 


j>,t;i*  =  /;2t>2*=p.,v3*,  etc.     .    .    XVII.  (page  160.) 


k  = 


c„ 


( 


Co 


:=  1.41  for  air. 
pv 


,    .    XVIII.  (page  102.) 


{li;)        "^r^mTT'    •    •    XIX.  (page  102.) 


k'-l=  0.41  for  air  : 


r^  I-  —  I*       .      .      •      a      •      JvJL. 


=  0.7093  for  air: 


©-4 


k-1 


=  0.2907  for  air  : 


(page  168.) 


XXI.  (page  103.) 


Zr  =  -^-  (^  -  0  -  ^-  (^1  -  r)  .    .    XXII.  (page  105.) 
Qz=e{ti-t) XXiri.  (poge  166.) 

£  =  ^p,«.  fl  -  (~-)*~n  •    XXIVS.  (page  167.) 
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Tiansference  from  one  adiabatic  to  another  : 

f7=^  =  ^,etc.    .    .    .    XXV.  (page  175.) 

Expansion  under  constant  pressure  : 

i=/?(t;  — V, )=/?,{!;  — w,).     .     XXVI.  (page  176. 

L=zE(t-t^)^R(T'-T^)  .    XXVir.  (page  176. 


CTyde  process: 


Heat  weight : 


^(ei-C«)  =  ^.    .    .    XXVm.  (page  181. 

-4^(91 -ft)=-^.    .    .    XXIX.  (page  181. 

F=-^^(T,-T.) XXX.  (page  184. 

^=2f,(^''^^'^ XXXI.  (page  184. 

F=2.dG26R{T,  -  T,) log—  .    XXXH.  (page  185. 

JP=3.3026-B(/, -<,)log—  .    XXXIII.  (page  185. 


General  law  of  variation  of  pressure  with  volume : 

j>mi^=::p,mt;,n~p,fni,^»,etc.   .    XXXIV.  (page  195, 


( 


V 


n  -  m 
m 


=  ±-.    .    .    ,    XXXV.  (page  196. 
^1 


=  -^  .p^v^  fl  -  ^i!i^^"|   .    .    XXXVI.  (page  197. 


L  = 


m      c{k  - 1) 


n  —  m 


(^-0    ....    XXXVII.  (page  197. 


Q  =  e(t--i,)  + 


m 


n  —  m 


e(k-l)  (ti  -  f).    XXXVni.  (page  197. 


^^m^-n^^^_^j XXXIX.  (page  198. 


m  —  » 


^=«(<-/j) XL.  (page  198. 


mk  —  n 

a  = e 

m  — n 


XLL  (page  198. 


CHAPTER  VnL 

OOMPAEISON  OP  THE  HOT-AIR  ENGINE  AND  STEAM  ENGINE. — ^VABIOUS 

KINDS  OF  HOT-AIB  ENGINES. 


Efficiency  of  the  Steam  Engine. — ^It  has  been  proved  that  one 
unit  of  heat  is  equivalent  to  a  mechanical  work  of  424  meter- 
kilograms.  Now  one  kilogram  of  good  anthracite  furnishes 
about  7,500  heat  units,  that  is,  it  will  heat  7,500  kilograms  of 
water  one  degree,  or  will  raise  750  kilograms  of  water  lO"".  If 
therefore,  all  the  heat  furnished  by  the  combustion  of  one  kilo- 
gram of  coal  could  be  transformed  into  mechanical  work,  we 
should  have  7,500  x  424  =  3,180,000  meter-kilograms.  This 
work  would  be  obtained  in  one  second  if  the  combustion  occu- 
pied one  second,  in  one  hour  if  the  combustion  occupied  one 

hour.    In  the  latter  case,  the  delivery  would  be  — ^^^^    =  883 


3600 


883 


mete^-kilograms  per  second,  or  -«^  =  about  12  horse-power. 

Experiments  upon  the  steam  engine  have  shown  that,  even  in 
the  best,  about  2  kilograms  of  coal  are  necessary  for  one  horse- 
power, and  therefore  only  ^  of  the  work  in  the  fuel  is  ob- 


tained.   Most  engines  use  from  1  ^  to  2  times  as  much  coal,  so 

111 

that  their  efficiency  is  only  9T  ><  t^  =  b^ 


=  -..^   or 


1        1_ 

24  ""  2" 
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At  first  sight  it  would  seem  that  the  reason  of  this  is  to  be 
sought  in  defective  boiler  construction,  setting,  etc.  But  in  all 
these  respects  but  little  room  for  improvement  now  remains. 
Hence  Bedtenbacher  concluded  that  better  results  could  only 
be  obtained  by  an  entire  change  in  the  method  of  conversion 
of  heat  into  work.  What  sort  of  change  is  necessary,  he  has 
not  informed  us.    In  the  present  condition  of  science  it  would 
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be  hard  to  find  any  one  competent  to  give  ns  sucli  information. 
Meanwhile  Zenner  has  shown  that  onr  best  steam  ei^ines,  as 
well  as  hot-air  engines,  utilize  the  fuel  exceedingly  weU,  and 
that  we  demand  an  impossibility  when  we  require  these  ma- 
chines to  utilize  all  or  even  the  greatest  part  of  the  heat  con- 
tained in  the  fneL  It  would  be  as  reasonable  to  expect  a  water 
wheel  to  utilize  the  entire  fall,  from  the  source  to  the  sea,  of 
the  riyer  which  moves  it. 

Still,  the  views  held  as  to  the  imperfect  utilization  of  the 
fuel  by  the  steam  engine,  and  perhaps  also  the  danger  of 
explosions,  which  unfortunately  still  remains,  led  to  the  con- 
struction of  the  hot-air  engine. 

We  know  that  water  requires  to  convert  it  into  steam  about 
640  heat  units.  This  enormous  amount  of  heat  is  required 
simply  to  convert  the  liquid  water  into  a  gas.  Since  the  air  is 
already  a  gas,  no  heat  is  needed  for  such  a  transformation,  and 
hence  it  would  seem  to  be  much  cheaper  than  steam.  This 
however  is  not  the  case,  as  will  be  seen  hereafter. 


B 


Work  which  One  Kilogram  of  Water  Performs  in  EvaporaJtiovu — 
Let  ABCD  be  a  cylinder  whose  cross-section  is  exactly  one 
square  meter.  Fig.  28.  In  the  bottom  is  one  cubic  . 
decimeter,  or  one  kilogram,  of  water  at  0"".  Upon 
the  surface  of  the  water  rests  the  €dr-tight  piston 
KK.  Since  the  cross-section  of  the  cylinder  is 
one  square  meter,  the  depth  of  the  water  is  one 
millimeter ;  for  njVir  of  &  cubic  meter  =  1  cubic 
decimeter. 

Suppose  the  piston  ^^  loaded  with  10,334  kilo- 
grams, and  that  there  is  a  vacuum  above  it.  The 
pressure  of  10,334  kilograms  corresponds  then  to 
that  of  the  atmosphere  at  0""  and  760'^'"' of  ba- 
rometer. 

If  now  we  heat  the  water  up  to  100°,  any  fur- 
ther addition  of  heat  generates  steam  of  10,334 
kil(^ams  pressure.  It  is  known  to  be  a  physical 
fact,  to  which  we  shall  return  when  we  come  to  K 
speak  of  steam  and  the  steam  engine,  that  steam 
generation  will  not  commence  until  the  tempera-  q 
ture  of  100°  is  attained.    If  it  is  desired  to  make 
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it  occur  earlier,  the  pressure  on  the  piston  must  be  diminished. 
The  more  heat  we  impart,  the  more  steam  is  generated  and  the 
piston  is  raised  ever  higher,  while  the  temperature  remains  at 
100*".  When  all  the  water  is  converted  into  steam,  the  piston 
will  be  about  1734  millimeters  or  1.734  meters  above  the  bot- 
tom, since  the  one  cubic  decimeter  of  water  will  give  about  1734 
cubic  decimeters  of  steam.  The  pressure  10,334  kilograms  has . 
thus  been  raised  1.734  meters,  which  corresponds  to  a  me- 
chanical work  of  17,919  meter-kilc^ams. 

Since  we  must  impart  about  640  heat  units  to  change  the 
water  at  100""  into  steam  at  lOO'',  and  also  100  heat  units  to 
raise  the  water  from  0*^  to  100°,  we  have  imparted  alt(^ther 
about  640  heat  units  in  obtaining  the  above  work. 

If  the  piston  is  loaded  with  2  x  10334  kilograms,  steam  gen- 
eration commences  at  121°,  and  the  water  must  be  heated  to 
this  temperature  before  the  piston  is  raised.  If  all  the  water 
is  converted  into  steam,  the  height  to  which  KK  is  raised  is 
914  millimeters  =  0.914  meters,  and  the  one  cubic  decimeter 
of  water  furnishes  914  cubic  decimeters  of  steam  of  2  atmos- 
pheres pressure.  Since  the  steam  occupies  a  space  of  914 
cubic  decimeters  while  before  it  occupied  1734,  we  see  that  its 
density  is  nearly  double  as  great  as  before. 

But  now  the  quantity  of  heat  imparted  in  this  case,  in  order 
to  completely  vaporize  the  water  is  only  about  640  heat  units. 
The  work  performed  however  is  2  x  10334  x  0.914  =  18890 
meter-kilograms,  or  greater  than  before. 

If  we  load  the  piston  with  3  x  10334  kilograms,  vaporization 
takes  place  at  about  135°.  The  steam  occupies  the  space  of 
620  cubic  decimeters,  and  the  piston  is  raised  through  620 
millimeters.  The  work  performed  is  3  x  10334  x  0.621  =  19252 
meter-kilograms,  while  the  heat  imparted  is  still  only  about 
about  640  heat  units,  and  so  on. 

We  see  that  the  work  of  the  steam  is  greater  the  more  the 
piston  is  loaded,  that  is,  the  more  the  water  is  heated,  or  the 
greater  the  expansive  force. 

In  all  cases,  however,  the  heat  required  for  the  outer  work 
is  much  less  than  that  required  for  the  vaporization.  In  the 
1st  case  the  latter  is  540  x  424  =  228960  meter-kil(^ams ;  in 
the  2d,  (640  - 121)  424  =  220056,  and  in  the  3d,  (640  - 135) 
424  =  214120  meter-kilograms. 


/  ^  0^^^^ 
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This  circnmstance,  that  most  of  the  heat  serves  only  to  ya- 
porize  the  water — ^to  separate  the  molecules — has,  as  we  have 
remarked,  led  to  the  idea  of  using  some  naturally  gaseous 
body»  and  of  these  there  are  none  more  suitable  than  the  air. 

HistoiHcal  Note  upon  Hot- Air  Engines. — ^The  first  to  apply  the 
idea  of  using  hot  air  appears  to  have  been  John  Stirling,  of 
Glasgow.  In  the  year  1827  he  devised  an  air  engine,  the  con- 
struction and  efficiency  of  which  are  not  now  known.  Six  years 
later  John  Ericsson  constructed  a  similar  engine  in  London, 
which  he  called  a  *^  caloric  engine."  The  invention  made  little, 
progress  in  England,  although  such  men  as  Faraday  and  Ure 
were  interested  in  it,  and  Ericsson  removed  to  America,  where 
his  activity  in  many  directions  has  been  so  marked.  Here  he 
worked  at  the  perfecting  of  his  caloric  engine,  and  in  1848  he 
succeeded  in  introducing  his  first  engine  on  an  improved  sys- 
tem, in  the  Delamater  iron  foundry  in  New  York.  It  was  only 
5  horse  power,  but  in  the.  following  year  one  of  60  horse  power 
was  set  up,  and  in  1851  a  caloric  engine  was  exhibited  at  the 
London  exposition.  The  engine  thus  became  more  widely 
known,  but  was  regarded  in  Europe  more  as  an  interesting  toy, 
incapable  of  competing  in  practice  with  the  steam  engine. 

This  view  was  by  no  means  contradicted  by  the  experiments 
made  in  America,  in  the  following  years.  The  invention  of 
Ericsson  was  followed  up  with  great  zeal,  and  a  company  was 
formed  with  John  B.  Eitching  at  its  head,  to  which  also  the 
Secretary  of  the  Navy,  Kennedy,  belonged,  to  build  a  large 
vessel  with  caloric  engines  called  the  *'  Ericsson."  This  vessel 
made  its  first  voyage  on  the  15th  of  February,  1853. 

The  vessel  was  2200  tons,  and  had  four  caloric  engines, 
which  set  in  motion  two  paddle-wheels.  The  cylinder  was  14 
feet  in  diameter  and  6  feet  stroke,  and  the  air  was  heated  to 
195**  C.  In  order  to  prevent  loss  of  heat  and  reduce  the  ex- 
penditure of  fuel,  there  were  four  remarkable  contrivances  near 
ihe  cylinder,  called  "regenerators."  Each  of  these  consisted 
of  a  network  of  wires,  whose  combined  length  was  nearly  fifty 
miles.  Before  the  air  escaped  it  passed  through  these  re- 
generators, and  gave  up  its  heat  to  the  wires,  which  then  were 
ready  to  impart  heat  to  the  fresh  charge  of  air.  The  engine, 
according  to  Ericsson's  calculation,  was  600  horse  power,  and 
14 
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since  it  consumed  in  twenty-four  hours  eight  tons  of  coal,  each 
horse  power  per  hour  required  the  extraordinarily  small  quan- 
tity of  1.11  pounds,  or  about  i^  kilogram.  According  to  the  re- 
port of  Prof.  Wm.  A.  Norton,*  however,  the  power  of  the  engine 
on  the  trial  trip  was  only  300  horse  power,  which  gives  2,2 
pounds  of  coal  per  horse  power  per  hour,  an  amount  which, 
in  comparison  with  the  best  marine  engines,  which  require 
about  3.11  pounds,  shows  still  a  noticeable  economy. 

Although  as  regards  economy  of  fuel,  therefore,  the  engine 
was  preferable  to  an  ordinary  steam  engine,  it  had  the  dis- 
advantage of  much  greater  weight  and  space.  Prof.  Norton 
came  therefore  to  the  conclusion,  that,  in  its  present  condition, 
the  engine  was  not  suited  for  marine  use  or  for  locomotives, 
but  that  where  weight  was  of  less  account,  and  economy  of  fuel 
was  desired,  it  possessed  many  good  qualities. 

Ericsson  himself  noticed  during  the  test  many  defects,  which 
upon  his  return  to  New  York  he  sought  to  remedy.  Instead 
of  four  cylinders  he  used  two  of  somewhat  less  diameter,  but 
longer  stroke.  But  the  test  with  this  new  apparatus  gave 
more  unfavorable  resulte  than  the  first,  and  so  in  the  begin- 
ning of  1854,  the  engines  were  taken  out  and  replaced  by  ordi- 
nary marine  steam  engines. 

Ericsson  now  busied  himself  with  the  construction  of  smaller 
machines,  for  the  purposes  of  the  lesser  industries.  In  1860 
he  succeeded  in  producing  an  engine  which  found  general  ac- 
ceptance not  only  in  America,  but  also  in  France,  Germany, 
and  Sweden.  In  Germany  the  Director  of  the  workshops  of 
the  Hamburg  Magdeburg  Steamship  Company,  Andrea,  spe- 
cially interested  himself  in  the  introduction  of  the  new  inven- 
tion. But  it  also  has  not  realized  the  hopes  which  were  placed 
in  it.  After  a  few  years  it  was  removed  from  many  establish- 
mente,  and  replaced  by  the  steam  engine.  We  shall  have  oc- 
casion later  on  to  describe  the  Ericsson  engine  in  detail 

Comparison  of  the  Work  performed  by  Hot  Air  and  Steam. — 
Let  us  see  now  whether  hot  air  is  in  fact  a  cheaper  motor  than 
steam. 

We  suppose  again  under  the  piston  KK,  Fig.  29,  whose  cross- 
section  is  one  square  meter,  one  kilogram  of  air  at  0""  and 

*  American  Joamal  of  Sciences  and  Arts,  0d  Series,  yoI.  zt.,  May,  18B8. 
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atmospheric  pressure.  This  occupies  a  space  of  0.7733  cubic 
meters,  and  hence  the  piston  KK  is  at  a  distance  0.7733 
meters  from  the  bottom.  Let  there  be  a  vacuum  a 
above  the  piston,  and  let  it  be  loaded  with  10^334 
kilograms. 

The  air  cannot  expand  because  its  pressure  is 
in  equilibrium  with  the  piston  pressure. 

If  now  we  heat  the  inclosed  air  gradually,  up  to 
273"",  it  expands,  as  we  know,  to  double  its  volume, 
and  the  piston  is  raised  0.7733  meters.  The  work 
performed  is  hence  10334  x  0.7733  =  7991  meter- 
kilograms,  and  the  heat  imparted  is  0.2375  x  273 
=  6484  heat  units. 

When  we  converted  1  kilogram  of  water  into 
steam  of  one  atmosphere,  we  imparted  640  heat 
units,  and  obtained  a  work  of  17,919  meter-kilo- 
grams.   For  a  work  of  only  7,791  kilograms,  we 
should  need  to  evaporate  only  tWiV  =  0.45  kilo-  *^ 
grams  of  water,  for  which  we  shotdd  impart  only 
640  X  0.45  =  288  heat  units.    We  obtain,  therefore,  D' 
in  fact,  by  means  of  air,  as  much  work  by  the  ex-        ^^'  ^' 
penditure  of  6494  heat  units  as  by  the  expenditure  of  288  heat 
units  with  water ;  or  inversely,  if  we  wish  to  obtain  the  same 

288 
work  with  water  as  with  air,  we  must  use  ^j^^  =  4.44  times  as 

much  fueL 

But  now,  by  the  use  of  steam  we  can  cause  a  good  vacuum 
above  the  piston.  Thus,  in  a  condensing  engine,  the  back  press- 
ure upon  the  piston  is  only  |  to  4^  of  an  atmosphere.  In  our 
illustration  with  steam  then,  already  discussed,  after  the  pis- 
ton has  moved  through  1.734  meters,  we  can  gradually  remove 
the  pressure  from  it  down  to  4  x  10334  or  j^  x  10334  kilograms, 
during  which  the  steam  expands,  performing  work  at  the  ex- 
pense of  its  inner  work,  and  thus  a  considerable  amount  of 
mechanical  work  can  be  obtained  without  further  expenditure 
of  heat.  In  the  hot-air  engine,  on  the  other  hand,  we  cannot 
make  the  back  pressure  less  than  one  atmosphere.  On  this 
account  the  difference  in  fuel  consumption  will  be  less  than  as 
above  computed. 

To  this  we  may  add  that  with  steam  the  engine  can  be  much 


\ 
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smaller  tlian  with  air.    For  with  steam,  as  we  ht 

work  of  7,991  kilograms  we  need  to  vaporize  only  < 

of  water.     The  piston  then  will  be  raised  only 

0.7803  meters,  and  the  entire  space  required  i 

meters.     With  air,  on  the  contrary,  we  requir  ,^ 

1.5466  cubic  meters,  or  almost  twice  as  much 

worth  remarking  that  with  the  steam  engine  we 

hand  20  or  30  times  as  much  steam  as  is  used 

that  the  entire  apparatus,  boiler  and  all,  may  occi 

than  the  hot-air  engine.) 

If  we  compress  the  air  under  the  piston  to  3 
occupies  only  |d.  of  its  volume  for  one  atmospl 
then  load  the  piston  with  3  x  10334  kilograms.  ^.giitwill 

then  be  — ^  =  0.2578  meters.    Upon  heating    >  273°  it  rises 

ft  77QQ 
to  double  this  height,  and  the  work  done  is  3  x  10334  x  — q— 

=  10334  X  0.7733  =  7991  meter-kilograms,  while,  as  before,  64.8 
heat-units  are  required.  By  gradually  diminishing  the  press- 
ure upon  the  piston  down  to  10,334  kilograms,  we  can  now 
obtain  work  by  the  expansion  of  the  air.  The  work  thus 
obtained  is,  however,  in  part  lost  when  the  air  is  again  com- 
pressed to  three  atmospheres,  and  thus  brought  back  to  its 
original  condition. 

Let  us  compare  with  this  the  example  already  given,  where 
1  kilogram  of  water  was  converted  into  steam  of  3  atmospherea 
If  here  we  wish  a  work  of  only  7,991  meter-kilograms^  we  haye 

7791 
to  vaporize  only  yooco  =  0.405  kilograms  of  water,  and  there- 
fore expend  640  x  0.405  =  259.2  heat-units,  or  still    ^. '    =  4 

o4.o 

times  as  much  as  for  the  air.  But  now,  by  expansion  down  to 
^th  to  4th  of  an  atmosphere,  we  can  obtain  considerable  work, 
almost  none  of  which  is  lost,  because  the  water  mass  of  0.405 
kilograms  which  we  have  to  force  back  into  the  boiler,  occupies 
a  very  small  space,  so  that  the  work  required  to  force  it  in  is 
very  small.  For  such  reasons,  then,  scarcely  double  as  much 
fuel  may  be  required  as  for  air. 

From  the  above  it  follows,  that  hot  air  is,  in  general,  a  cheaper 
motor  than  steam,  but  the  dijQTerence  is  less  the  greater  the 
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tension  of  the  steam  and  the  greater  the  expansion.  To  this 
we  mnst  add  that  the  engine  proper  for  the  same  power  is  less 
in  size  for  the  steam  than  air,  and  that  the  steam  reqiiires  to  be 
heated  to  a  much  less  temperature  than  the  air.  This  allows 
the  steam  piston  and  stuffing  boxes  to  be  better  lubrioated,  and 
materiallj  reduces  the  friction.  On  the  other  hand,  the  hot-air 
engine  is  free  from  danger  of  explosion,  and  requires  little  or 
no  water. 

Let  us  now  examine  the  construction  and  theory  of  these  en- 
gines a  little  more  closely. 


L  OPEN  HOT-AIR  ENGINE  WITH  OPEN  FIREPLACE,  IN  WHICH 
THE  HOT  AIR  IS  EXPELLED  AT  EACH  STROKE.  CALORIC  EN- 
GINE OF  ERICSSON— SYSTEM  OF  1880. 

In  Fig.  30  we  have  an  ideal  section  of  such  an  engine.  The 
cylinder  is  ahcd.  In  the  right  half  of  it  are  two  pistons  pq  and 
T8,  of  which  one  is  the 
working  piston  and  the  >»^ 

other  the  feed  piston. 

In  the  back  part  of 
the  cylinder  is  an  iron 
fire-box  efg}i\  ik  is  the 
grate,  I  the  ash-pit.  The 
hot  gases  pass  from  the 
fire  space  through  the 
pipe  mn  into  the  an- 
nular space  vw  which 
surrounds  the  cylinder 
cihod.  In  this  way  as 
much  heat  as  possible 
is  imparted  to  the  cylinder.  The  hot  air  escapes  from  vw  by 
the  chinoiney  oo  into  the  outer  air. 

The  working  piston  j9$  has  valves,  two  of  which  are  shown  at 
t  and  u.  These  valves  open  toward  the  left  The  motion  of  this 
piston  is  transferred,  by  means  of  two  rods  and  lever  work,  to  a 
fly-wheel,  one  half  of  which  is  heavier  than  the  other.  From  this, 
by  means  of  mechanism,  motion  is  imparted  to  the  feed  piston 
rsy  so  that  it  has  a  greater  velocity  than  the  working  piston. 
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To  the  left  of  the  feed  piston  is  fastened  a  cylinder,  zz^  of 
thin  cast-steel  plate,  which  has  a  somewhat  greater  diameter 
than  the  fire-box.  The  fire-box  is  sorronnded  by  another  cyl- 
inder of  cast-steel,  xy,  which  receives  the  heat  radiated  from 
the  cylinder  and  fiire-box. 

Finally  we  have  at  A^  a  pipe  with  a  yalve  d^  through  which 
the  hot  air  escapes  after  acting  in  the  engine*  As  A  commu- 
nicates with  the  chimney  oo,  the  hot  air  and  products  of  com- 
bustion are  discharged  together  into  the  outer  air,  or  may  be 
discharged  into  a  closed  space. 

Method  of  Action. — ^Let  us  now  consider  the  method  of  action 
of  the  engine.  First,  the  fly-wheel  is  turned  by  a  simple  appa- 
ratus, so  that  the  centre  of  gravity  of  the  heavy  half  lies  a  little 
to  one  side  of  the  highest  point.  The  centre  of  gravity  then 
sinks  of  itself,  and  the  flv-wheel  turns  ISO"".  This  motion  is 
imparted  by  M«>™o<lbi  wort  to  a.,  piston.  „^™.  Bat 
since  the  feed  piston  rs  moves  more  rapidly  than  the  working 
piston,  pqy  a  partial  vacuum  is  caused  between.  In  conse- 
quence of  this,  the  valves  t  and  u  in  the  working  piston  open, 
and  air  enters  between  the  pistons.  The  valve  a,  in  the  feed 
piston,  which  possesses  a  very  different  form  from  that  shown  in 
the  Figure,  and  is  applied  at  a  different  place — closes.  The  hot 
air  remaining  in  the  cylinder  departs  through  d,  which  remains 
open  during  the  entire  motion  of  the  feed  piston  from  right  to 
left 

When  the  feed  piston  has  reached  its  extreme  position  on 
the  left,  the  working  piston  has  not  completed  its  stroke,  but 
still  moves  toward  the  left,  while  the  feed  piston  now  moves 
toward  the  righi  The  air  between  is  thus  compressed,  and 
the  valve  a  opens,  and  admits  a  portion  of  the  air  into  the  hot 
space  left  of  th'e  feed  piston. 

This  air,  which  enters  cold,  is  now  rapidly  heated,  especially 
by  the  hot  plates  xx  and  zz,  and  thus  has  a  greater  expansive 
force.  This  pressure  is  distributed  according  to  the  law  of 
distribution  of  pressure  in  a  fluid,  over  the  entire  volume  of 
air,  that  is,  it  acts  not  only  upon  the  feed  piston,  but  also  upon 
the  working  piston,  which  it  forces  toward  the  righi 

But  when  this  motion  towards  the  right  begins,  the  feed  pis- 
ton is  already  traveling  in  the  same  direction,  and  since  it 


BBICaaON  HOT-AIR  ENGINE.  216 


moTes  faster  than  the  working  piston,  more  cold  air  is  being 
oontiniially  forced  through  a  into  the  hot  space.  The  tension 
of  the  inclosed  air  thus  increases,  and  reaches  its  maximum 
when  the  feed  piston  has  passed  through  half  its  stroke,  and 
has  its  greatest  velocity. 

From  this  point  it  diminishes  gradually  down  to  about  1.16 
atmospheres,  when  the  feed  piston  is  at  the  end  of  its  stroke. 

At  this  moment  the  exhaust  valve  d  opens,  and  the  hot  air 
escapes  rapidly,  while  the  feed  piston  returns  towards  the 
left  While  then  the  tension  of  the  hot  air  is  sinking  to  one 
atmosphere,  the  working  piston  returns  a  certain  amount,  about 
^th  of  its  entire  stroke,  so  that  we  can  assume  during  this 
period  the  pressure  equal  upon  both  sides  of  the  working  pis- 
ton. 

It  should  be  especially  remarked,  that  the  valve  a,  during 
forward  motion  of  the  feed  piston,  remains  constantly  open, 
that,  therefore,  the  increased  tension  of  the  hot  air  is  trans- 
ferred to  the  cold  air  between  the  pistons,  and  that  hence,  only 
the  working  piston  is  impelled  by  the  increased  tension.  For 
this  reason  it  is  called  the  "  vxyrkivg  piston."  The  rear  piston, 
by  means  of  its  greater  velocity,  forces  the  cold  air  into  the 
hot  space,  and  is  hence  called  the  "/eed  piston."  By  this  ar- 
rangement the  working  piston  is  shielded  from  the  radiant 
heat  of  the  hot  portion  of  the  cylinder,  and  can  be  lubricated 
and  kept  in  good  condition.  In  fact,  in  this  lies  a  great  part 
of  the  ingenuity  of  the  whole  invention.  During  the  back- 
ward motion  of  the  feed  piston,  the  valve  a  is  closed. 

In  order  that  the  cold  air,  when  it  arrives  in  the  hot  space 
behind  the  feed  piston  may  be  heated  quickly,  it  must  enter 
more  readily  than  the  valve  a  would 

allow,  and  the  following  arrangement  ~ 

is  adopted.  Upon  the  circumference 
of  the  feed  piston  r«,  rectangular 
notches  are  cut,  from  j  to  1  inch 
broad,  by  |  deep.  In  the  Figure  31 
only  two  can  be  seen  at  oo.    Behind    )  '• 

the  piston  is  a  steel  ring,  ity  which 
fits  tlie  cylinder  snug,  but  whose  inner 

circumference  is  about  \  inch  from  the  feed  piston.  Thus  in 
the  position  shown  in  the  Figure,  communication  is  open 
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Fig  81 


between  the  space  right  and  left  of  the  feed  piston,  and  cold 
air  can  pass  through.  The  ring  is  held  in  place  on  the  left  by 
several  pins,  upon  the  circumference  of  the  back  extension  of 
the  piston.  When  the  piston  moves  toward  the  left  there  is 
a  partial  vacuum  between  the  pistons,  and  one  atmosphere 
pressure  on  the  left,  hence  the  steel  ring  is  pressed  close  up 
to  the  piston  face,  and  the  holes  oo  are  covered  by  it  and 
dosed. 
In  order  to  make  the  action  of  the  machine  still  clearer,  we 

have  given  in  Figures  32,  33,  34, 
35  and  36,  the  principal  positions 
of  the  pistons^ 

In  Fig.  32  the  working  piston 
has  arrived  at  the  end  of  its  for- 
ward stroke,  and  the  feed  piston 
is  already  started  on  the  bad^ 
stroke.  The  tension  of  the  air  in 
the  engine  is  one  atmosphere,  both  between  the  pistons  and 
back  of  the  feed  piston. 

In  Fig.  33  the  feed  piston  is  at 
the  end  of  its  back  stroke,  while 
the  working  piston  has  moved 
only  a  part  of  its  way  toward  the 
left.  Between  the  two  is  cold  air 
of  one  atmosphere  tension. 

In  Fig.  34  the  feed  piston  has 
commenced  its  forward  stroke  while  the  working  piston  hfte 
arrived  at  the  left  end  of  its  stroke.  The  air  between  is  com- 
pressed, the  valve  in  the  feed  pis- 
ton is  open,  and  in  the  working 
piston  shut,  and  cold  air  is  passing 
into  the  hot  space  behind.  This 
air  when  heated  communicates  its 
higher  pressure,  according  to  the 
laws  of  fluid  pressure,  through  the 
entire  volume  of  air,  and  thus  acts 
upon  the  working  piston. 

In  Fig.  35  the  feed  piston  is  at  the  middle  of  its  forward 
stroke,  where  it  has  its  greatest  velocity,  and  where  the  greater 
part  of  the  air  has  been  forced  through  and  heated.     Here 
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then  must  be  the  masimum  tensioiL  Both  pistons  now  travel 
nearly  together,  and  but  little  more  air  enters  the  heated  spaoe, 
so  that  now  the  pressure  diminishes  as  the  yolnme  increases, 
and  the  air  works  expansively. 

Finally,  in  Fig.  36  the  feed  pis- 
ton has  reached  the  end  of  its  for- 
ward stroke.  At  this  moment  the 
exhanst  valve  opens,  and  the  ten- 
sion of  the  air  falls  to  one  atmos- 
phere.    The  working  piston  has 


Fig.  85. 


still  a  portion  of  its  stroke  to  go, 
while  the  feed  piston  moves  back. 
When  the  working  piston  arrives 
at  the  end  of  its  stroke  we  have 
the  position  of  Fig.  32. 


Fio.  98.  Varicdion  of  Pressure, — ^Let  us 

now  determine  the  air  tension  at  the  various  positions  indi- 
cated in  Figs.  32,  33,  34,  35  and  36. 

In  Figs.  32,  33,  the  air  right  and  left  of  the  feed  piston  has 
the  pressure  of  the  atmosphere,  which  we  denote  by  p.  Let  the 
volume  of  air  in  the  space  r^  be  A  cubic  meters,  and  let  its 
absolute  temperature  be  T^.  Behind  the  feed  piston  let  there 
be  confined  B  cubic  meters  at  T^. 

If  now  the  specific  volume  (volume  of  one  kilogram)  of  the 
A  cubic  meters  be  Va,  and  that  of  ^  be  v^y  then  we  have  from 
Equation  XTL, 

pva  =  RTi    or    Va  =  —zr    .    -    •    .    (1). 


and 


P 


pVf,  =  UTi    or    Vf,  =  — ^ 

P 


(2). 


If  we  denote  the  weight  of  the  A  cubic  meters  by  G, ,  and 
that  of  B  by  (r^,  we  have 


0.  =  ^ 

Va 


(3). 


0.= 


f» 


(4)- 
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If  we  insert  in  (3)  and  (4)  the  values  of  Va  and  v^  giran  bj  (1) 
and  (2)  we  have 

~  "W^ (^)' 

Therefore,  from  (6)  we  can  find  the  weight  of  cold  air  in- 
closed, and  from  (6)  that  of  the  warm  air.  The  entire  weight 
of  air  is  then 


(?  =  (?,  4-(7,  =  |(^+^).    ...    (7). 


and  this  is  the  weight  of  air  contained  in  the  engine  for  all  the 
other  positions  during  the  forward  feed  stroke. 

In  the  space  r^  Fig.  34,  let  there  be  G  cubic  meters  of  air  of 
the  temperature  Ti^  and  in  m  27  cubic  meters  with  the  tem- 
perature T^y  and  let  the  pressure  be  pi.  We  find  as  in  (6)  for 
the  weight  of  (7, 

and  for  the  weight  of  2?, 

Dp, 

Both  weights  must  t(^ther  be  equal  to  O^  henoe 


"=5- (^-1) («> 


and  pntting  (7)  and  (8)  equal  and  redndng 


p      GTj  +  DTi 


(9) 


From  this  we  can  determine  the  ratio  of  the  pressures  for 
the  position  in  Fig.  33  to  that  in  Fig.  34 

In  like  manner,  in  Fig.  35  let  us  have  in  r4,  ^  cubic  meters  at 
Ti°j  and  in  n,  JS  cubic  meters  at  T^"^^  and  the  tension  in  both 

spaces  Pi.    Then  we  have  for  the  weight  in  ^  as  before  ^ 


ERICaSON  EOT-AIB  ENGINE.  219 

and  for  the  weight  of  H^  ^^  ,  and  hence 

"^fd-D-  •  •  •  •  w 

From  (10)  and  (7) 

p,  _  AT,  +  BT, 

p  '~  ET21-  HTi ^^^^* 

This  gives  then  the  maximum  tension  of  the  air. 

If  in  Fig.  36  the  volume  in  rs  is  /  cubic  meters  and  that  in  o» 
K  cubic  meters,  and  if  the  tension  in  both  spaces  is  p^,  we  shall 
have  in  similar  manner, 

P3,^AT^±BT\  .ON 

p"  m^  KTy ^^'^^• 

Let  now  the  cross-section  of  the  cylinder  be  i^  square  meters, 
and  the  distance  between  the  pistons  in  Fig.  33,  be  r2i  in  Fig. 
34,  ra,  in  Fig.  35,  r4,  in  Fig.  36,  r^ ;  then 


A  -=  Fr^     G=  Frsy    E  =  Fr^    and    7=  jPrj 


5- 


If  also,  instead  of  the  annular  space  behind  the  feed  piston 
in  Fig.  33,  we  suppose  a  cylindrical  space  of  equal  volume,  whose 
length  is  6,  we  have 

B  =  Fh    and    6  =  ^. 

F 

If  in  Fig.  34  the  distance  of  the  feed  piston  from  the  fire-box 
is  m,  in  Fig.  35,  n,  in  Fig.  36,  o,  we  can  put 

B  =  Fb;  D  =^ Fm  +Fb  =  {b  +  m) F;  H={b-^n)F 
K=  (6  +  o)F 

Substituting  these  values  in  (7),  (9),  (11),  and  (12),  we  obtain 
the  following  formula : 


G 


=f-(t^i) («)• 


p       uTi  +  {b  +  m)  Tt ^  ^" 
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Pi  _         nT,  +  bTi 
p        uT,  +  {b  +  n)'l\ 


•  t      • 


(c). 


(d). 


It 
(t 
ii 


According  to  Boetius  we  have  for  a  one  horse-power  caloric 
engine, 

0  =  stroke  of  feed  piston  =  0.418  meters. 

1  =  stroke  of  working  piston  =  0.22  meters. 

r2  =  0.275  meters,    m  =  0.054 

rs  =  0.180      "  »  =  0.209 

r^  =  0.063      "  rg  =  0.025 

F  =  0.165  square  meters. 

Further,  B  =  Fb  =  0.2  of  the  entire  space  Fo. 
Hence 

i^  =  0.2  X  0.165  X  0.418  =  0.013794  cubic  meters, 
and 

6  =  0.0836  meters. 

If  we  assume  that  the  cold  air  between  the  pistons  preserves 
in  all  positions  the  constant  absolute  temperature  Ti  =  273  +  10 
—  283°,  and  the  hot  air  behind  the  feed  piston  has  the  temper- 
ature always  of  T2  =  273  +  300  ==  573%  we  have  from  (a),  (6), 
(c),  eta,  the  following  results  : 

^  _  0.165  X  10334  /0.275      0.0836\ 
^  ~        29.272        \  283    "^    573  / 
or 

G  =  0.06524  kUograms. 

The  weight  of  cold  air  drawn  in  at  each  stroke  is 

Q  -^P  -  ^m  _  0.165  X  10334  X  0.275  _      -g.  vilofframs. 
^''-B7[-BT\ 29.272  x  283 """^^^  kUograms. 

Since  the  machine  made  45  revolutions  in  one  minute,  the 

45 
weight  of  air  used  per  second  is  ^  x  0.0565  =  0.0424  kilograms. 

Also  from  (b)  we  obtain 

Pi__  0.275x573  +  0.0836  x  283       _  181.064  _  ,  „„- 
p  ~  0.180  X  573  +  (0.0836  +  0.054)  283      141.911  ~ 
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Prom  (c) 

^ 181.064 181.064  __  -  ^^^ 

p  "  0.063  X  573  +  (0.0836  +  0.209)  283  "  118.735 "" 

From  id) 
Ps 181.064  _  181.064 


p      0.025  X  573  +  (0.0836  +  0.418)  283   156.108 


=  1.160. 


Let  ns  now  find  the  delivery  of  the  engine  under  the  assump- 
tion, which  is  in  fact  very  nearly  correct,  that  the  tension  varies 
as  the  ordinates  to  a  straight  line. 

In  Fig.  34,  the  working  piston  hai^  its  extreme  position  on  the 
left  'The  air  behind  it  has  a  tension  of  1.276  atmospheres,  or 
is  0.276  atmospheres  in  excess  of  the  outer-air  pressure. 

In  Fig.  35,  the  maximum  tension  is  1.525,  or  0.525  atmos- 
pheres in  excess  of  the  outer  air. 

The  mean  effective  pressure  upon  the  working  piston,  while 
passing  from  the  position  in  Fig.  34  to  that  in  Fig.  35,  is,  if  the 

AT.       ^-     X     i.        ^-VAV       0.276  +  0.525 
pressure  vanes  as  the  ordinates  to  a  straight  line, ^ 

=  0.4005  atmospheres.  Since  the  distance  passed  through  by 
the  working  piston  is  0.038  meters,  we  have  for  the  work  per- 
formed 

0.4005  X  10334  x  0.165  x  0.038  =  25.983  meter-kilograms. 

Since  the  effective  pressure  in  Fig.  36,  is  1.16  —  JL  =  0.160 
atmospheres,  we  have  for  the  mean  pressure,  while  the  work- 
ing piston  moves  from  the  position  in  Fig.  35  to  that  in  Fig. 

36,  — ^ — '- ==  0.343  atmospheres.    The  distance  passed 

through  is  0.172  meters,  and  hence  the  work  done  is 

0.343  x  10334  x  0.165  x  0.172  =  100.594  meter-kilograms. 

The  total  work  is  therefore 

25.983  +  100.594  =  126.577  meter-kilograms. 

From  this  we  must  subtract  the  work  done  in  compressing; 
the  air,  which  compression  commences  at  the  position  of  Fig. 
33  and  lasts  to  Fig.  34.    The  final  pressure  is  0.276  effective. 
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and  hence  the  mean  pressure  is  -^ — ,  and  the  work  done  is 

^^  X  10334  X  0.165  x  0.041  =  9.668  meter-kilograms. 

Hence  the  effective  work  done  per  revolution  is 

126.577—  9.668  =  116.909  meter-kilograms. 

and  the  work  per  second,  since  there  are  45  revolutions  per 
minute,  is 

t^  X  116.909  =  ~  X  116.909  =  87.682  meter-kilograms. 
oO  4  «         . 

According  to  experiment,  about  60  per  cent  of  the  theoretical 
work  is  expended  in  overcoming  friction,  etc.,  so  that  only  40 
per  cent  remains  effective.    The  effective  delivery  therefore  is 

87.682  X  0.40  =  35.07  meter-kilograms  ])er  second. 

We  see  then  that  an  Ericsson  engine  which  is  rated  at  one 
horse  power,  gives  in  reality  a  mechanical  effect  of  not  quite 
one-half  of  one  horse  power. 

In  place  of  the  preceding  lengthy  calculations,  we  may  ;nake 

1.28,  and  multiplying  the  result  by  the  weight  of  air  acting  per 
second.  In  that  equation,  ti  and  ^  are  the  highest  and  lowest 
temperatures,  and  we  have 

L  =  2.3026  5  (?  (^  -  ti)  log  1.28. 

L  =  67.4017  G  {ti  -  h)  log  1.28. 

» 

Since  log  1.28  =  0.1072,  we  have 

L  =  7.2255  {t,  -  U)  O. 

If  the  temperature  ^  of  the  outside  air  is  lO'',  and  the  highest 
temperature  is  ^  =  300"^,  we  have  ti  —  U  =  290  \  Since  now  the 
air  drawn  in  per  second  is  (r  =  0.0424  kilograms,  we  have 

L  =  7.2255  X  290  x  0.0424  =  88.84  meter-kilograms; 
a  value  very  closely  agreeing  with  the  above. 
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n.  OPEN  HOT-AIR  ENGINES  WITH  INCLOSED  FIREPLACE.— THE 
HOT  AIR,  AS  BEFORE,  IS  EXPELLED  INTO  THE  AIR. 

In  the  machine  already  described,  air  is  necessary  for  com- 
bustion of  the  fuel  as  well  as  for  the  action  of  the  engine.  The 
air  of  combustion  serves  only  to  heat  the  air  in  the  cylinder, 
without  coming  into  direct  contact  with  it.  The  fire  is  "ecc- 
^ertor."  A  large  part  of  the  heat  of  combustion  is  thus  lost 
As  the  hot  air  is  expelled  into  the  air  after  performing  its  work, 
the  engine  is  *'qpen."  It  is  then  an  ''open"  engine  with  ''ex- 
terior" fire. 

To  avoid  loss  of  heat,  the  air  of  combustion  and  the  gases  of 
combustion  may  be  used  directly  in  the  working  cylinder,  in- 
stead of  only  giving  up  a  portion  of  their  heat  to  the  working 
air.  We  have  then  "interior  "  fire,  and  as  the  gases  are  expelled 
after  working,  the  engine  is  still  "open.^* 

In  the  "  open  "  engine  then,  with  interior  fire,  the  air  is  first 
compressed  to  a  certain  degree.  It  then  passes  into  an  in- 
closed fireplace  where  its  tension  is  of  course  still  further 
increased,  and  then,  together  with  the  products  of  combustion, 
it  passes  into  the  working  cylinder  and  acts  directly  upon  the 
working  piston.  Such  an  engine  must  evidentiy  be  an  "  open  " 
one,  in  order  to  allow  the  products  of  combustion  to  escape. 

When  the  air  comes  in  contact  with  the  fuel,  a  part  of  its 
oxygen  unites  with  the  elements  of  the  fuel  to  form  carbonic 
acid  gas,  carbonic  oxide  gas  and  water.  These  products  of 
combustion  together  with  the  heated  air  remaining  uncom- 
bined,  pass  into  the  working  cylinder.  It  is  evident  that  the 
heat  of  the  fuel  is  thus  much  better  utilized.  The  gases  of 
combustion  have  little  or  no  injurious  effect  upon  the  piston 
or  cylinder  walls,  and  as  the  air  enters  the  fire-box  at  a  greater 
pressure  than  that  of  the  atmosphere,  the  combustion  is  very 
rapid.  It  is  difficult  however  to  prevent  particles  of  coal,  soot, 
and  ashes  from  being  carried  into  the  working  cylinder  and 
injuring  the  working  parts. 

A  description  of  a  lai^e  engine  of  this  kind  will  be  found  in 
Dingler's  Pdytechnisches  Journal,  Band  CLXXXV.,  Heft  6.  It 
was  designed  by  the  engineer  Mazeline,  and  runs  a  paper-mill. 
The  principal  parts  are  represented  in  Fig.  37.     D  is  the  work- 
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ing  cylinder,  with  the  piston  2>i  and  piston  rod  P.  This  cyl- 
inder is  surrounded  by  another  of  somewhat  greater  diame- 
ter, and  the  cold  air  com- 
ing from  the  feed  cylin- 
der F  passes  through  the 
anntllar  space  between, 
and  is  thus  warmed  while 
keeping  the  working  cyl- 
inder D  tolerably  cool. 
The  feed  cylinder  has  the 
piston  Fi  and  two  pair  of 
valyes  a,  a,  and  6,  i,  of 
which  the  first  allow  air 
to  be  drawn  in  at  every 
^  stroke,  and  the  others  ad- 
mit the  compressed  air  to 
the  jacket  of  the  working 
cylinder.  After  the  air 
is  here  warmed  and  has 
thus  abstracted  heat  from 
the  working  cylinder,  it 
passes  through  the  pipe 
A^A^  indicated  by  dotted 
lines,  into  an  inclosed  fire- 
place AA,  which  is  sim- 
ply indicated  in  Fig.  37. 

This  consists  of  an  iron 
cylinder  inclosing  another 
of  fire-brick,  in  which  is  the  grate  and  fire  space.  Above  the 
grate  is  a  funnel  closed  above,  air  tight,  by  an  iron  cover.  In 
this  is  a  cock  which  when  turned  by  special  mechanism,  allows 
the  fuel  to  be  uniformly  spread  over  the  grate.  There  is  also 
an  arrangement  for  stirring  and  shaking  the  grate. 

After  the  air  is  heated  by  the  fire,  and  its  tension  thus  greatly 
increased,  it  passes,  together  with  the  products  of  combustion, 
through  the  space  between  the  fire-brick  and  the  iron  cylinder, 
through  pipe  A^^  to  the  working  cylinder  D,  where  it  is  ad- 
mitted, as  shown  in  Pig.  37,  above  and  below  the  piston  by  the 
slide  SSy  precisely  as  in  the  case  of  a  ^tearn  engine.  In  the 
actual  engine,  valves  are  used. 


Fig.  87. 
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The  piston  rod  P  is  attached  to  the  connectiiig  rod  Q  which 
works  the  crank  of  the  main  shaft  This  latter  works  the  con- 
necting rod  and  piston  of  the  feed  or  air  pump  F.  H^  H^  .  .  . 
are  supporting  pillars  of  the  frame,  which  carry  the  cylinders 
and  the  guides  for  the  cross-heads  of  the  connecting  rods. 
Upon  the  main  shaft  we  have  also  the  fly-wheel  V. 

The  working  cylinder  has  a  diameter  of  1.40  meters  and  a 
stroke  of  1.50  meters.  The  diameter  of  the  feed  cylinder  is  1 
meter,  and  the  stroke  the  same  as  that  of  the  working  pis- 
ton, or  1.50  metera  The  cross-section  of  the  latter  is  there- 
fore 

n  X  1.40  X  1.40      -  e,oo/> 
-T =  JL.OOOO  sq.  m* 

and  its  volume 

1.5386  X  1.50  =  2.309  cub.  m. 

while  the  cross-section  of  the  feed  cylinder  is 

--  -  ^-Q;  -  ^-QQ  =  0.7854  sq.  m. 

and  its  volume 

0.7854  X  1.50  =  1.178  cub.  m. 

The  volume  of  the  latter  is  therefore  only  little  more  than 
half  of  the  former. 

The  pistons  and  piston  rods  are  kept  lubricated  by  a  special 
arrangement  with  soap-water,  as  oil  or  other  fatty  matter  would 
be  decomposed  by  the  high  temperature  of  the  air  in  the  work- 
ing cylinder. 

In  order  to  set  the  engine  in  action,  a  special  reservoir  of 
compressed  air  is  required,  from  which  air  is  admitted  to  the 
feed  cylinder.  In  the  engine  described,  a  turbine,  which  is  also 
used  in  the  same  mill,  is  made  use  of  for  starting. 

The  action  of  the  engine  is  now  as  follows : 

The  air  drawn  into  the  feed  cylinder  by  the  first  stroke  is  by 
the  next  stroke  at  first  compressed.  This  compression  is  of 
course  adiabatic,  since  no  heat  is  imparted  or  abstracted  dur- 
ing the  compression.  After  compression  to  a  certain  point, 
and  after  the  air  has  thus  been  heated  by  the  compression  to  a 
15 
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oertain  temperature,  the  proper  valye  opens  and  allows  the 
compressed  air  to  pass  round  the  working  cylinder  to  the  fire- 
place. From  this  point  the  pressure  in  the  feed  pump  is  con- 
stant, and  the  valye  remains  open  until  all  the  compressed  air 
has  been  forced  into  the  fireplace.  As  soon  as  the  first  air 
particles  enter  the  fireplace  they  occupy  a  larger  space,  and 
hence  the  working  piston  begins  its  stroke.  Neglecting  the 
resistances  in  the  conducting  pipes,  this  is  moved  by  the  same 
pressure  as  that  in  the  feed  cylinder  itseli  The  working  pis- 
ton then  begins  its  stroke  when  the  compression  in  the  feed 
cylinder  attains  its  maximum,  or  what  is  the  same  thing,  when 
the  valve  is  forced  open.  The  pressure  in  the  working  cylinder 
also  remains  constant  until  the  feed  piston  has  completed  its 
stroke.  From  this  point  on,  the  working  piston  is  driven  by 
the  expansion  of  the  heated  air,  whose  pressure  at  the  end  of 
the  stroke  must  be  about  one  atmosphere.  This  expansion  is 
also  adiabatic  As  soon  as  the  working  piston  has  completed 
its  8trok3,  the  second  stroke  of  the  feed  pump  compresses  the 
previously  sucked-in  air  before  it,  then  the  other  pressure  valve 
opens,  the  air  enters  the  fireplace,  and  so  on. 

In  this  engine,  which  has  been  examined  by  Tresca,  of  the 
Qonservatoire  des  Aiis  et  Metiers,  the  maximum  pressure  of  the 
air  in  the  feed  cylinder  was  1.94  atmospheres,  and  the  com- 
pression lasted  up  to  about  one  half  (0.515)  of  the  entire  stroke. 
The  maximum  pressure  in  the  working  cylinder,  on  the  other 
hand,  was  only  1.68  atmospheres,  which  is  to  be  attributed  to 
the  fact  that  the  pipes  conducting  the  air  from  the  feed  pump 
to  the  furnace  were  too  narrow.  At  0.611  of  the  stroke  expan- 
sion began,  and  the  pressure  fell  gradually  to  the  end  of  the 
stroke,  where  it  was  only  1  atmosphere. 

We  see  from  the  preceding,  that  the  maximum  pressure  in 
this  engine  exceeds  that  in  Ericsson's  only  by  a  small  amount, 
•  although  according  to  the  views  of  the  constructor,  it  should 
be  5  to  7  atmospheres.  This  pressure  was  most  probably  not 
attained,  because  the  resistances  of  the  driven  machines,  re- 
duced to  the  circumference  of  the  crank  circle,  were  not  great 
enough.  Certainly  the  engine  could  have  produced  a  greater 
effect  than  it  did  during  the  experiments. 
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ra.  CLOSED  HOT-AIR  ENGINE  WITH  EXTERIOR  FIRE. 

The  hot-air  engine  may  be  also  "  closed,"  in  which  case  the 
same  air  acts  over  and  over.  Thns  the  air,  after  acting  upon 
the  working  piston,  instead  of  being  discharged  into  the  atmos- 
phere, is  cooled  down  to  its  original  temperature,  and  then  used 
over.  Such  an  engine  must  necessarily  have  '^ exterior"  fire. 
It  is  analogous  to  a  steam  engine  with  surface  condenser,  in 
which  the  condensed  steam  enters  the  boiler  again,  and  is  used 
over.  To  this  class  belong  the  engines  of  Laubereau  and  of 
Lehmann,  which  will  be  discussed  hereafter.  We  may  also  con- 
sider the  Belou  engine  as  of  this  class.  It  is  at  least  converted 
into  such,  when  we  conduct  the  still  warm  air  which  departs  at 
each  stroke  from  the  working  cylinder  through  a  pipe  sur- 
rounded by  water,  where  it  cools  down  to  its  original  tempera- 
ture before  it  enters  the  feed  cylinder  again. 

Open  hot-air  engines  are  analogous  to  non-condensing  steam 
engines.    The  air  is  discharged  and  a  fresh  supply  taken  in. 


CHAPTER  IX. 

THEOBY  OF  THOSE  OPEN  AND  CLOSED  HOT-AIB  ENGINES,  IN  WHIOH, 
DURING  EACH  PERIOD,  THE  AIR  GOES  THROUGH  A  SIMPLE  RE- 
VERSIBLE cycl:s  process. 

• 

We  shall  now  give  the  general  theory  for  all  hot-air  engines, 
whether  open  or  closed,  provided  only,  that  in  each  period  the 
air  goes  through  a  complete  reversible  cycle  process. 

There  are  closed  engines,  such  as  those  of  Lauberean  and 
Lehmann,  in  which  only  a  part  of  the  air  is  compressed  or 
rarefied,  while  another  part  is  in  another  condition.  To  such 
engines  the  formulsB  which  we  are  about  to  deduce  are  not 
applicable.  For  all  others  in  which  the  erdire  volume  of  air  is 
either  compressed  or  rarefied,  our  discussion  holds  good. 

Let  the  area  of  the  piston  in  the  feed  cylinder  be  /,  and  H 
the  length  of  stroke.  Then  the  volume  of  air  drawn  in  per 
stroke  is/H.  • 

If  Hs  the  temperature  of  this  volume,  measured  by  the  Cen- 
tigrade thermometer,  and  T  the  absolute  temperature,  then 
the  weight  is 

C'-^S (!)• 

where  p  is  the  tension. 

Let  this  weight  of  air  be  forced  at  every  stroke  into  the  hot 
space,  and  then  with  an  increased  volume,  due  to  the  heating, 
enter  the  working  cylinder  and  drive  the  piston  there  wiUi 
constant  pressure  through  a  certain  distance,  and  then  act 
expansively  for  the  rest  of  the  way.  If  the  engine  is  open  it 
is  then  discharged  with  tolerably  high  temperature  into  the 
air.  If  the  engine  is  closed  heat  is  abstracted,  until  its  tem- 
perature is  the  same  as  its  original  temperature,  at  the  begin- 
ning of  the  cycle  process. 

Let  the  air  in  the  feed  cylinder  be  compressed  until  its  ten- 

228 
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sion  is  Ply  and  its  temperature  therefore  rises  from  T  to  Ti"". 
We  have  then,  from  Equations  XXIa  and  XXI6, 

or 

^'  =  ^{f)'"^ (2). 

liT^p  and  pi  are  known,  Ti.  can  be  found. 

Now  the  work  X,  which  must  be  performed  in  raising  1  kilo- 
gram of  air  by  compression  from  the  temperature  T  to  T|,  is 
by  Equation  XXI», 


^(r,-r). 


therefore  the  work  necessary  to  raise  0  kilograms  from  T  to 

Ti°i8 


Li=:j^{Ti-T^G (3). 


As  soon  as  the  air  in  the  feed  pump  has  reached  the  tension 
Pis  the  valves  open,  and  the  compressed  air  is  gradually  forced 
into  the  heating  apparatus.  Here  it  receives  the  temperature 
T^  at  whichy  under  tolerably  constant  pressure  p^  it  moves 
this  working  piston  until  the  entire  amount  of  compressed  air 
has  been  heated,  and  has  passed  into  the  working  cylinder. 
Then,  as  already  described,  the  air  acts  expansively  during  the 
rest  of  the  way,  until  its  pressure  pi  has  sunk  to  p. 

The  work  Z^,  performed  by  the  feed  pump  in  forcing  the 
compressed  air  into  the  heating  apparatus,  is,  if  i7i  is  that  por- 
tion of  its  stroke  during  which  the  air  is  forced  out : 

A  —fSiPi . 
The  weight  of  air  is  then  also  given  by 


O 


_  fSxPi 


hence  we  have 

U  =  RT^O (4). 
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Now,  while  the  feed  piston  is  compressing  the  air  and  forcing 
it  out,  the  atmosphere  helps  it,  and  its  work  is 

•     

But  since  O  =   jf,^  ,  "we  have 

U  =  ItTG  ........    (5). 

Hence  we  have  for  the  work  performed  by  the  feed  piston 
per  stroke 

A  +  Z,-A=G^(;2  +  i?)(71-T)  .    .    (6). 

Since  c,  A  and  B  are  constant,  we  see  that  the  work  is  greater, 
the  greater  T^  or  the  more  the  air  is  compressed,  the  greater 
Gy  and  the  less  T. 

Now  let  us  determine  the  work  which  the  hot  air  performs 
in  the  working  cylinder. 

The  working  piston,  acted  upon  by  the  constant  pressure  p^ 
passes  through  the  same  distance  H^  as  the  feed  piston. 

If  F  is  the  area  of  the  working  piston,  we  have  the  work 
done 

L,=  FH,p,. 


But  we  also  have 


hence 


L,  =  liT^O (7). 

During  the  expansion,  the  pressure  pi  sinks  to  p^  and  the 
temperature  ^2  to  T^.  Since  pu  p  and  T^  may  be  considered  as 
known,  T^  is  given  by  the  equation 


\  a«w 


or 


^-hB' («>■ 


Accordingly  the  work  during  expansion  is 

c 


Z»=-^(2J-7»<?. (9). 
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The  oyercoming  of  the  atmospheric  pressure  p  through  the 
distance  Hia 

But  since 

we  have  ^ 

lH  =  BTtQ    ......    (10). 

The  effective  work  of  the  hot  air  in  the  working  cylinder  is 
therefore 

L,  +  L,-L,=  o(^  +  Ii){Tt-n).    .    (11). 

This  is  greater,  the  greater  O  and  Ta  and  the  less  T^,  If  we 
subtract  (6)  from  (11),  we  have  for  the  effective  delivery  per 
stroke 

i=G^Q  +  i2)(2;-7;-7\  +  r).    .    (12). 

This  very  simple  formula  shows  that  the  delivery  Jj  of  a  hot-^dr 
engine^  whether  open  or  dosed,  in  which  the  air  makes  Cd  reversible 
cyde  process,  depends  upon  the  temperatures  in  the  engine  and  upon 
the  weight  of  air  Q.    This  weight  of  air  is,  from  (1) 

and  hence  for  the  same  pressure  p  and  temperature  7i,  is 
greater,  the  greater  fH,  or  the  contents  of  the  feed  pump.  It 
increases  also  with  the  tension  p  of  the  air  drawn  in.  If  the 
atmospheric  pressure  were  3, 4,  or  5  times  greater  than  it  really 
is,  then  for  the  same  cylinder  volume  the  delivery  of  the 
machine  would  be  3,  4,  or  5  times  greater,  and  inversely,  for 
the  same  delivery  the  volume  of  the  feed  pump,  and  hence  of 
the  working  cylinder,  can  be  3,  4,  and  5  times  smaller.  In  the 
dosted  engine  we  may  generate  such  an  artificial  pressure.  We 
have  only  to  compress  the  air  in  the  feed  pump  to  the  required 
degree  before  starting,  and  by  the  completion  of  the  cycle  pro- 
cess bring  it  back  to  this  condition.  In  the  open  engine  this  is 
not  possible.  For  this  reason  it  would  seem  that  the  hot-air 
engine  of  the  future  must  be  of  this  kind,  viz.,  dos&i. 
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We  shall  now  illustrate  the  foregoing  considerations  and  cal- 
culations graphically. 

Let  Oa,  Fig.  38, 
L,betheToliuneof 
air  drawn  in  per 
stroke  by  the  feed 
pump,  of  pressure 
p  and  temperature 
T.  Let  this  toI- 
ume  be  compress- 
ed adiahatically 
from  6  to  c,  the 
pressure  rising  to 
Pi  and  the  tem- 
perature to  7*1. 
When  the  preas- 
ore  Pi  is  reached, 
the  valve  opens 
and  the  air  is 
forced  out  under 
constant  pressure 
Px.  The  wort  per- 
formed during  this 
operation  is  evi- 
dently given  by 
the  area  abcdO. 
But  the  outer  air 
has  performed  the 
worktiteO.  Hence 
the  shaded  area 
bcde  gives  the  work 
of  the  feed  pump 
in  compressing  the  air  and  forcing  it  out  into  the  heating 
apparatus. 

In  the  heating  apparatus  the  temperature  rises  to  Tt  and  the 
volume  is  increased.  The  increased  volume  is  given  by  fg  in 
Fig.  38,  n.  Aa  soon  as  this  volume  is  reached,  the  air  expands 
adiabatically  from  g  to  h  and  its  volume  is  now  Ot.  During 
expansion  the  pressure  p,  sinks  to  p,  and  the  absolute  temper- 
ature Ti  to  TV    The  entire  work  performed  by  the  working 


I 

^  i 

iiff 

i 

T 

0^, 
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piston  is  given  by  the  area  fghiO.  But  this  piston  has  had 
to  oTercome  the  pressure  of  the  atmosphere  p^  which  requires 
the  work  IhiO.  Hence  the  shaded  area  fghl  gives  the  effect- 
ive work  of  the  workiag  piston.  If  from  this  we  snhtract  the 
work  of  the  feed  piston,  we  obtain  the  effective  work  of  the 
machine,  or  that  work,  part  of  which  goes  to  nseful  effect  and 
part  to  overcome  the  prejudicial  resistances.  This  work  is  then 
given  by  the  shaded  area  TiT^T^T  (HL),  inclosed  by  two  adia- 
batics  and  two  straight  lines.  In  Chapter  YL  the  cycle  pro- 
cess consisted  of  two  adiabatics  and  two  isothermals.  But 
there,  during  expansion  the  air  sank  to  its  original  temperature, 
while  here  it  sinks  only  to  a  higher  temperature  TV 

Liet  us  now  deduce  formulsB  for  the  dimensions  of  the  hot- 
air  engine. 

If  we  substitute  in  (12)  p  J^  in  place  of  0,  we  have 


or 


Since,  according  to  Equation  YII., 


and  hence 


L  =  3.439  ^^  ( 7^8  -  7i  -  T;  +  T). 


If  the  engine  makes  n  strokes  per  minute,  the  delivery  per 
second  is 


L,  =3.439  ^^S. .  ^  (r,-  T,~T^+  T). 


The  delivery  in  horse  powers,  is  then 
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where  p  is  the  atmospheric  pressure  in  kilograms  per  square 
meter.    If  |7  is  giyen  in  atmospheres 

N^  10334^^.^^71(7;  -  Ts-  2\  +  n 


or 

N  =  7.8972  =?^^  (?;-  71-  71  +  T)  horse  powers.     (XLHI.) 

If  we  consider  N  as  given,  we  have  for  the  volume  FHol  the 
working  cylinder 

T  N 

Hence  we  see  that  the  contents  of  the  working  cylinder  are 
not  only  less  as  the  pressure  p  increases,  but  also  the  greater 
the  number  of  revolutions. 

Let  us  now  determine  the  relation  between  the  area  of  the 
working  and  feed  pistons. 

The  weight  G  of  air  drawn  into  the  feed  cylinder  at  every 
stroke,  of  7^  temperature  and  p  atmospheres'  pressure,  is 

^      BT  ' 

This  same  weight  of  air  fills,  after  expansion,  the  entire  work- 
ing cylinder.    Hence  we  have 

an' 

If  the  two  weights  are  equal,  we  hare 


^  =  J»     or  /  =  i^|     .     .    .    (XLV.) 


We  have  also 


hence 
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Since/ Ib  the  same  in  both  cases, 


or 


J^=^i    or    T^xTtM^iT, 


.    (XLVI.) 


Since  T^  is  the  highest,  and  T  the  lowest  temperature  of  the 
air  during  the  process,  and  T^  and  7\  are  the  intermediate  tern- 
peratnreSy  we  have  the  important  principle, — when  a  given  quan- 
^^y  of  air  goes  through  a  cyde  of  the  kind  in  question^  the  product 
of  the  extreme  tempercUurea  is  equal  to  the  product  of  the  intei^nie- 
diaie  temperatures. 

In  deducing  this  principle,  we  have  assumed  that  the  air  is 
compressed  in  the  feed  cylinder,  and  forced  into  the  heating 
apparatus  under  the  constant  pressure  pi^  and  that  the  heated 
air  drives  the  working  piston  with  the  same  pressure  pi  through 
the  distance  Hi.  In  short,  that  the  air  is  heated  under  con- 
stant pressure.  By  the  aid  of  the  higher  mathematics  the  cor- 
rectness^ of  this  principle  may  be  proved,  for  any  case  whatever, 
wher^  the  heating  takes  place  according  to  the  general  law, 

p^v^  =  pi^Vi^  =  etc., 

if  only  the  risd  and  fall 
of  temperature  are  pro- 
portional to  the  heat  im- 
parted  or  abstracted. 
Let  us  seek  to  show  the 
correctness  of  this  by  a 
practical  example,  in 
such  a  way  that  it  will 
be  evident  that  the  same 
proof  will  hold  good  for 
every  other  special  case. 
Ijet  Ov=v,  Fig.  39, 
be  the  specific  air  vol- 
ume, its  tension  p  and 
temperature  T.  Suppose  heat  is  imparted,  and  the  air  expands 
while  performing  work  along  the  curve  TcT^  to  the  condition 
v%p%T^    Let  the  heat  thus  imparted  be  Q. 


Tie.  89. 
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Tit 
Let  us  assume  that  the  exponent  —  has  the  value  —  2.    We 

m 

further  assume  the  volume  v%  =  {v. 

We  can  easily  compute  the  tension^  since  Vip^  are  known. 

Suppose  i)  =  1,  J?  =  1.    Then  by  the  law, 

1  X  1"'  =  1^  {-^    or   i^li  =  Je  =  1.5625. 

If  the  absolute  temperature  7"  is  273  +  100  =  373^  we  can 
easily  find  T^    Thus  by  Equation  XXXV., 


p=© 


?L-i 


or 


Ta  =  373  (I)  =  373  x  1.9531  =  728.5^ 

If  more  heat  had  been  added,  until,  for  example,  the  volume 
Vi  =  iv  or  2»,  the  tension  p^  ai^d  temperature  T^  would  have 
been  greater. 

The  specific  heat  is 

mi  — n 

8  = c, 

7W  —  n 

or  putting  for  m,  n,  A^  and  c  their  special  values, 

1  —  ( --j; 

Let  us  pass  through  the  point  Ti^  determined  by  t;^  =  f  t;  and 
Pa  =  1.5625p,  an  adiabatic  curve,  which  we  shall  call  the  adia- 
batic  curve  of  the  point  T^  We  may  construct  this  curve  from 
the  formula 

P%v%^.  =  Ikvi  =  j)4t74*,  eta, 

by  substituting  various  values  for  v^  v^  etc.,  and  finding  the 
corresponding  pressures.    In  Fig.  39,  this  curve  is  T^T^TT^. 

Now  let  us  suppose  the  air  of  volume  v^  and  pressure  p^  and 
absolute  temperature  T^,  to  expand  adiabatically  until  its 
pressure  falls  to  p^  which  we  may  suppose,  for  example,  to  be 
= p.    We  can  then  easily  find  the  volume  v%  and  temperature 
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Tg,  which  the  air  possesses  after  expansion.     (We  might  have 
supposed  Vz  given,  and  then  found  j^  and  T^) 
We  find  j9^  from  the  equation 

or 

1.5625  {\)^  =1  X  v^^^  or  log  1.5625  + 141  log  {  =  1.41  logvg, 

hence 

Vs  =  1.7155. 

As  soon  as  we  know  v^  we  can  find  T^  from  the  formula 

Tg  _  /  1.25  y^ 


r2"'vi.7i55;  -^^•»- 


During  expansion^  therefore,  the  absolute  temperature  sinks 
from  72a5  to  469.8°. 

Let  now  the  air  of  volume  v^  and  pressure  p^  and  absolute 
temperature  T^  be  compressed  to  the  volume  of  Vi,  pressure  ^, 
and  temperature  7\y  such  that  the  point  Ti  lies  on  the  adia- 
batic  through  T,  and  let  this  compression  take  place  according 
to  the  same  lata  as  the  expansion.  It  is  evident  that  a  certain 
quantity  of  heat  must  be  abstracted,  in  precisely  the  same 
manner  as  before  heat  was  imparted.  That  there  is  abstraction 
of  heat  and  expenditure  of  work,  is  seen  from  the  curve  T^aTi 
approaching  the  axis  from  above  from  right  to  left 

Let  us  determine  now  the  pressure  pi,  the  volume  v^  and  the 
temperature  Ti  of  the  air  when  it  reaches  the  adiabatic  ToTi. 

We  have  for  the  curve  T^aTi 


and  for  ToTi 


From  (2)  we  have 


PiVz-^=Pivr^ (1). 

pt^  =  PiVi^ (2). 


^=^© 


and  patidng  this  Talne  in  (1) 
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If  in  our  special  case,  jps^i?  =  1  and  ^  =  1  and  Vg  =  1.7155 

<"=  (L7155;»  =  2.743    or    v,  =  1.3726. 
Since  now  we  know  Vg  and  Vi  we  can  find  T^.    Thus 

-t  ,1     fT-ICE'V    —  > 


Tl-C^'  -  A-7155Y 
2;  ~  \t)i/      ~  \1.3726/ 


or 

r,  =  240.2°. 

Thns  the  absolute  temperatures  are 

373,    728.5,    469.8,    240.2. 

Hence 

r,      728.6      1  Q-         ,     Tt      469.8      -  »- 
T  =  ^73-=l-^^    *"^     IT  =  2402  =  1-®^' 

or 

This  is  the  same  result  which  we  have  already  obtained  for 
heat  addition  and  subtraction  according  to  a  straight  line  or 
according  to  the  law 

The  heat  Q  imparted  on  the  path  TcT^  is 

0.1916  (728.5  -  373), 
or  generally 

«(T8-r)  heat  units. 

The  heat  abstracted  on  the  path  TgaTi ,  is 

Ci  =  0.1916  (469.8  -  240.2), 

or  generally 

8{Tz-  rO  heat  units. 

Since  now  from  the  proportion 

we  have 

r,-  T:  T^-T^  ::  T:  21,. 
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we  at  once  obtain 

8{T^-'T)  :5(2'8-  71)  ::  Ti  Tu 
that  is 

Which  is  the  same  principle  proved  in  Chapter  V.,  with  iso- 
thermal lines  and  adiabatics.    We  should  obtain  the  same  re- 

suit  if  we  take  —  equal  to  —  3,  —  4,  —  6,  or  generally  equal  to 

any  number,  positive  or  negative,  whole  or  fractional. 

It  is  now  easy  to  determine  the  points  T  or  TJ  in  which  the 
isothermal  lines  TdT  and  TigTx  intersect  the  adiabatic  line 

To  determine  the  point  7^  we  have 

po  =  qw, (1). 

and 

^^2*  =  qvj^. (2). 

From  (1)  we  find  q  =z^,  and  inserting  this  in  (2) 

pv 
Thus  in  the  case  of  our  special  example, 

ii/»-*^  =  1.5625  f  I  j      or    «;  =  6.384, 
i;,  of  course,  being  1.    We  have  also 

when^  =  l. 
In  like  manner  for  Wi  we  have 

.       y,r=^&^^     and    g,=-PL^^ 

It  then,  in  any  closed  or  open  hot-air  engine,  in  which  the 
air  makes  a  reversible  cycle,  the  air  compressed  in  the  feed 
cylinder  is  not  heated  under  constant  pressure ;  whatever  may 
be  the  law  of  heating — ^whether  under  constant  volume^  as  in 
Sterling's  engine,  or  according  to  any  law,  as  j^ivr*  =  jw"*,  as 
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shown  by  the  curve  jTcT^  in  the  Figure — the  prodvct  of  the  two 
extreme  tempercUurea  is  alrvaya  equal  to  the  product  of  the  mearij  if 
heat  is  abstracted  according  to  the  same  law  as  it  is  imparted. 

The  formulsB  which  we  have  developed  thus  far,  therefore, 
apply  to  all  kinds  of  open  and  closed  hot-air  engines,  provided 
that  in  the  latter  the  expansion  is  such  that  by  the  subsequent 
compression  and  cooling,  the  air  returns  to  its  original  condi- 
tion ;  and  provided  that  in  the  former  the  air  escapes  into  the 
atmosphere  under  the  assumed  conditions. 

Transformation  of  our  Formtdce. — Since  in  the  formula  al- 
ready deduced 

1  c  .  . 

we  may  put ,  __  ..  in  place  of  -^ ,  the  equation  can  be  written 

Now  ci  ( 7i "~  ^i)  is  the  amount  of  heat  added,  and  ci  (7i  —  37) 
that  abstracted— in  case  of  an  open  engine,  that  which  is  given 
up  to  the  air.  Also  ck  is  the  specific  heat  forcon^Ti^  pressure, 
or  for  the  law 

pifi  =  PiV^  =  etc 

But,  as  we  have  seen,  our  f ormulsB  also  apply  when  the  change 
of  volume  and  pressure  is  given  generally  by 

If  8  is  the  specific  heat  generally,  we  have  then 


whereas  we  know 


mh  —  n 

s=  c 

m  —  n 


HOT-AIR  ENGINE  WITH  COMPLETE  CYCLE  PROCESS,     241 

If  this  engine  makes  n  strokes  per  minnte,  we  have  the  horse- 
power per  second 

^=  60"7W  *  ^(J^VfT,  ^^»  -  ^1  -  ^«  +  '^')' 

where  p  is  the  pressure  in  kilograms 'per  square  meter. 
lip^A  given  in  atmospheres,  we  have 

AT—  lQ334n  FHpa         .rp         rp         rp     x     t^ 

N=  2.296  ^/f^y  (^»-  ^1-  ?«  +  2')  horse-power.  (LL) 
InTeiselj,  the  Tolnme  FH  of  the  working  cylinder  is 

or  since 

c(ife-l)  =  0.06904, 

„„  0.03007i\r7',  ,.        .  ^_, 

Maximum  Ddivery  of  the  HoUAir  Engine. — ^If  it  were  possi- 
ble in  practice  to  raise  at  will  the  temperature  of  the  air  in  a 
hot-air  engine  as  high  as  we  please,  we  might  construct  such 
engines  with  smaller  dimensions  and  relatively  higher  delivery, 
and  then  probably,  since  they  are  not  liable  to  explosion,  they 
might  replace  the  steam  engine.  But  since  the  temperature  is 
practicaUy  limited,  this  is  not  the  case. 

We  may  consider  the  extreme  temperature  to  which  the  air 
may  be  raised,  as  about  300°  C,  although  this  has  been  occa- 
sionally exceeded  by  as  much  as  30°  without  injury. 

K  we  assume,  then,  300°  as  the  maximum  temperature,  and 
further  assume  that  the  temperature  of  the  air  on  entrance,  or 
in  case  of  a  closed  engine,  at  the  beginning  of  a  cycle,  is  0°, 
then  in  our  formulffl  we  have  T^  =  273  +  300  =  573  and  T  = 
273  +  0  =  273.  Now  for  the  maximum  delivery,  or  the  least 
volume  of  cylinder  for  given  delivery,  the  intermediate  tem- 
16 


242  THERMODYNAMICS. 

peratures  7\  and  Tz  must  have  definite  yalnes.  Thns^  it  is 
clear  that  the  compression  in  the  feed-pump  cannot  be  carried 
so  far  as  to  raise  the  temperature  to  SOO''  C,  because  then  no 
heat  could  be  imparted  by  the  heating  apparatus,  and  there- 
fore no  mechanical  work  could  be  obtained.  Thus,  if  we  had 
Ti  =  ^2,  we  would  also  have,  according  to  L.,  T=^  T^,  and  the 
expression 

T^-Ts-Z  +  T 

would  be  zero.  For  the  same  reason  we  cannot  have  T^  =  T, 
for  then  from  L.,  T^  =  T^y*  and  the  above  sum  is  zero.  The 
value  of  Ti  must  then  lie  somewhere  between  T  and  T^,  Now 
the  expression  T^  —  T^—  Ti-\-  T  will  be  a  maximum,  when 
Ti  +  2^8  is  a  minimum.  Also,  the  product  of  Ti  and  T^  is  con- 
stant and  equal  to  573  x  273,  or  Tj  x  T.  We  can  easily  find 
then,  by  calculus,  that  Ti  H-  Ts  is  a  minimum  when  Tt  =  T^ 
If  now  Ti  =  Jg,  we  have  from  L., 

T2T  =  T,^  =  T8^  hence  T^  =  T,  =  \f%T  =  V5f3l^273 
=  395.51.  The  intermediate  temperatures  Centigrade  must 
then  be,  ^  =  ^  =  395.51  -  273  =  122.51°.  If  we  insert  these 
values  in  LII.,  we  have  for  the  volume  of  cylinder  FH  when 
the  delivery  is  a  maximum, 

^^^02163^ 

Inversely 

^       0.2163 ^^^'^ 

If  the  heat  is  added  or  abstracted  under  constant  pressure, 
then  8  =  0.2375  and 


hence 


7^^^^=0,9107— (LV.) 

pn  ^      ' 


^~  0.9107 ^      ^ 


If ,  as  in  Sterling's  engine,  heat  is  imparted  or  abstracted 
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under  constant  volnme,  s  •=■  0.1685.  In  this  case,  the  yolume 
at  the  end  of  expansion  is  equal  to  that  at  the  beginning  of  the 
cycle  process.  The  air 
of  Yolame  Fand  press- 
ure ^,  as  in  Fig.  40, 
is  first  compressed 
adiabaticaUy  to  Vi  and 
Pi-  Then  the  volume 
Vi  is  heated  from  7i  to 
T^  and  its  pressure 
rises  from  pi  to  p^ 
The  volume  Vi  now  ex- 
pands adiabaticaUy  to 
its  original  volume  V^ 
the  temperature  fall- 
ing from  ^2  to  ^8»  and 
pressure  from  p^  to  p^^  or  for  the  maximum  delivery  T^  falls  to 
T^.  Finally  heat  is  abstracted  from  v  till  T^i  or  T^  falls  to  T, 
and  jpi  to  ^. 
If  the  heating  and  cooling  takes  place  according  to  the  law 


Fio.  40. 


we  have 


PiV{'^  =^pv'^ 


8  =  0.1916. 


If  in  a  Sterling  engine  the  original  volume  is/H,  we  have 
(?  =  '4^^- ,  and  in  LIL  we  have  T  in  place  of  T^. 


RT 


Helice 


^^_  0.03007  X  273  X  J\r  _  ^  ^^^  iV- 


pn  X  0.1685  X  5498 


pn 


Inversely 


^=  w  •  •  •  •  •  <^^> 


We  see  that  the  delivery  in  all  cases  is  greater,  and  hence 
the  final  volume  of  the  air  at  the  end  of  the  cycle  is  less,  the 
greater  the  initial  pressure  p  and  the  number  of  strokes  n  per 
minute. 
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Heat  Imparted  and  Abstracted — Consumption  of  Fvd. — li  in 
formola  Lb,  riz., 

we  put  AB  in  place  of  c  (i  —  1),  we  have 
or  since 

i  =  ^  [«(^a  -  T,)  -  «(rs  -  r)]  meter-kilograms. 

Here  08(T2—  Ti)  is  the  heat  added  to  the  air  per  stroke, 
and  08{T^  —T)  is  the  heat  abstracted,  or,  if  the  engine  is  open, 
the  heat  given  up  to  the  outside  air.  If  we  denote  the  first  by 
Q  and  the  second  by  Qi  we  have 

Q  =  8{T,-T,)G (UX.) 

Qi  =  s{T,^T)G (LX.) 

If  there  are  n  strokes  per  minute,  or  60n  per  hour,  the  heat 
imparted  per  hour  is 

Qa  =  60n8{Ti  -  Tt)  G  heat  units  .    .     (LXL) 

and  that  abstracted  is 

Qvi  =  60n8{T^-'T)G.    .    .    .    (LXH) 

For  the  maximum  delivery,  T^^  -  2\  =  673  -  395.51  =  177.49 
and  T^''T=  396.51  -  273  =  122.51,  hence 

Qn  =  10649.4n8G  =  9609  n^FH  heat  units. 

^iA=   7350.6nsG  =  6563n8pFH     "       " 

where  p  is  given  in  atmospheres. 
We  have  therefore  per  horse-potver  per  hour 

-V?  = >f heat  units. 

t=«^^?^  heat  units. 
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If  one  kilogram  of  coal  fnmislies  7,500  heat  units,  the  com- 
sumption  of  fuel  per  hour  for  every  horse-power  is 

yg^-j^  kilograms, 

if  all  the  heat  is  utilized.    If,  however,  half  is  lost  by  radiation, 
the  consumption  per  horse-power  per  hour  is 

g^g^  kilograms   ....    (LXm.) 

ExAMTLB  L — ^What  is  the  deliverj  of  a  hot-air  engine  in  which  FH—  2.809 
cabic  meters,  n  =  46,  ^i  =  1.04  atmospheres,  and  the  working  pressure  jpt  =  1*68 
atmospheres,  when  T=  278  +  10  =  288°  ? 

According  to  XXIa  and  XXI6, 


/I  04\  ♦•"•<" 
^1=288^-^].     =848% 


From  experiments  upon  this  engine,  the  escaping  air  was  found  to  have  a 
temperature  i^  =  250%  or  an  absolute  temperature  T,  =  278  +  200  =  523% 
Hence  the  temperature  T^  in  the  working  cylinder  is 

r,  =  528  (1.68)o««  =  808.25% 
Substitute  in  XLHI.,  and  we  have 

iV=  7.8972  ^'^J  >^  (008.25  -528-848  +  288) 

.  0««5  * 

=  40.5  horse-power. 

The  horse-power,  as  actually  found  by  Tresca  by  means  of  the  indicator,  was 
about  40. 

If  we  assume  that  80  per  cent,  of  this  theoretical  delivery  is  consumed  by  fric- 
tion, we  should  have  0.70  x  40.5  =  28.85  efEective  horse-power.  The  work  of  a 
steam  engine  of  the  same  dimensions  with  8  or  4  atmospheres'  pressure  would  be 
much  greater.  But  if  we  take  in  the  boiler  and  all,  the  space  occupied  is  in  favor 
of  the  hot-air  engine. 

The  weight  of  air  (7  used  per  stroke  is 

^J3^  _  2.809  X  10384  _  28861  _  ^  ^o 
^^3  ■"  29.272  X  628  ~  15809  ~ 

The  heat  imparted  per  stroke  is  therefore  by  LIX. 

q  =  0.28751  (608.25  -  848)  1.558  =  98.149  heat  units, 

and  the  heat  imparted  per  horse-power  per  hour  is 

98.149  X  46  X  60     270894 


40.5  "■  "ffi.5 


=  6689  heat  units. 
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Hence  the  expenditure  of  coal  per  hour  per  horse-power,  if  all  the  heat  were 
given  up  to  the  air,  would  be  ^^^  =  0.892  kilograms.  According  to  Tresc&'s 
experiments,  the  consumption  was  1.44  kilogranis,  and  therefore  about  i  of  the 
heat  was  lost. 

The  best  steam  engines  use  as  low  as  1,  and  at  most  2  kilograms  of  coal  per 
hour  per  effective  horse-power.  The  consumption  for  the  hot-air  engine  is  thus 
somewhat  greater  than  for  the  best  steam  engines. 

Example  2. — ^Bequired  to  construct  a  hot-air  engine,  so  that  the  cylinder 
volume,  for  a  given  delivery,  shall  be  a  minimum.  What  should  be  the  volume 
if  the  theoretical  delivery,  for  48  strokes  per  minute,  is  to  be  100  horse-power  ? 

According  to  LY.,  we  have 

Fff  =  0.9107  ,-^  =  ?^  =  1.9  cubic  metere. 
1  X  4o  48 

A  steam  engine  working  without  expansion  or  condensation,  under  8^  atmos- 
pheres, with  48  strokes  per  minute,  would  require  only  one  cylinder  of  0.S68 
cubic  meters  contents. 

If  the  cylinder  of  our  hot-air  engine  is  not  to  be  greater,  we  must  have  a 
closed  engine,  and  make  the  initial  pressure  of  the  air  somewhat  more  than  5 
atmospheres.  The  compression  in  the  feed  cylinder  would  then  raise  the  press- 
ure to  about  16  atmospheres.  These  are  pressures  which  certainly  can  hardly 
be  recommended  in  practice.  A  cylinder  whose  volume  is  twice  or  three  times 
0.868  cubic  meters,  can  hardly  be  called  excessively  large,  however.  The  cylin- 
der of  the  early  condensation  engines  of  Watt  had  for  an  effective  pressure  of 
1^  atmospheres,  and  a  theoretical  delivery  of  120  horse-power,  a  volume  of  1 
cubic  meter.  To  this  was  added  the  immense  boiler,  which  is  wanting  in  the 
hot-air  engine. 

If  the  air  in  our  machine  is  compressed  ^before  admission  to  2  atmospheres, 
the  working  cylinder  for  the  same  delivery  will  need  to  be  only  half  the  size,  or 
about  0.95  cubic  meters,  that  is,  about  8  x  0.368  cubic  meters,  and  the  pressures 
in  the  engine  will  not  be  excessive. 

From  all  this,  it  appears  that  even  such  hot-air  engines  as  have  a  theoretical 
delivery  of  100  horse-power,  and  therefore  an  effective  power  of  50  to  60  horse- 
power, are  not  without  a  probable  future,  only  they  must  he  dosed  engines^  wTiose 
initial  pressure  is  2  or  3  cUmosphereSj  and  they  must  be  constructed  for  the  maxi" 
mum  delivery.  Especially  to  be  recommended  are  smaller  engines  (8  to  20  horse- 
power), because  they  make  in  the  same  time  more  revolutions  per  minute, 
and  occupy  a  relatively  less  space  than  the  larger.  It  is  worth  noticing  that 
Zeuner,  in  his  *'Warme  Theorie,"  has  found  for  the  cylinder  vohmae  results 
double  of  those  here  given.  The  reason  is,  that  he  considers  only  single-acting 
engines.  If  in  his  formule  we  substitute  2u  in  place  of  «,  which  denotes  the 
number  of  revolutions  per  minute,  the  results  coincide. 

Let  us  now  compute  for  our  engine  above,  of  100  horse-power,  the  volume  of 
the  feed  cylinder,  as  well  the  consumption  of  fuel,  and  the  amount  of  cooling 
water,  assuming  that  the  machine  is  dosed. 

We  have  already  found 

fH=  FH  ^1  =  1.9  ^^;^  =  1.9  X  0.6902  =  1.311 
If  bifi 

cubic  meters  =  the  volume  of  the  fced-piunp. 
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The  amount  of  heat  added  per  hour  is 

or  inserting  numerical  values 

Qh  =  9609  X  48  X  0.2875  x  1.9  =  209851  heat  units. 

Hence  the  consumption  of  coal  per  hour  for  each  horse-power  is 

Qk  205851         ^  ^.^ , ., 

37^  =  8750  x-lOO  =  ^-^^  ^^««^ 

Since  the  effective  delivery  is  perhaps  at  most  60  horse-power,  each  effective 
horse-power  per  hour  would  require 

0.549x100      fto.„,., 

~ =  0.915  kilograms, 

or  a  less  quantity  iJutn  iJie  best  steam  engines. 

The  heat  abstracted  per  hour  is  found  from  the  proportfon 


Qh 


=  9509  :  6563,  or  since  Qh  =  205851 


Qih 

20581  :  Q,  A  =  9509  :  6563,    or 

Qih  =  142037  heat  units. 

If  the  cooling  water  is  heated  from  0  to  80°,  we  must  have  per  second 

142086 
8600^80  =®-*^^*'«'*^ 

1  08 
or  in  English  weights,  about  1.06  lbs.,  or  ^^  cubic  feet.    That  heat  is  here  not 

o«.o 

taken  into  accoimt  which  is  abstracted  from  the  air  bj  partial  evaporation  of 

the  water. 

The  Regenerator. — ^Let  ns  now  consider  an  apparatus  applied 
by  Ericsson  in  his  first  caloric  engine,  which  he  calls  the  "  re- 
generator." 

In  the  engine  already  discussed,  we  saw  that  the  air  escaped 
with  a  temperature  of  260"".  It  escaped  with  almost  the  same 
temperature  from  Ericsson's  first  engine.  It  was  evidently 
desirable  to  utilize,  at  least  partially,  this  heat,  and  thus  econ- 
omize fueL  He  therefore  caused  the  escaping  air  to  pass 
through  a  network  of  wires,  which  thus  became  heated.  The 
cold  air  drawn  in  by  the  feed-pump  then  passed  through  the 
apparatus,  and  was  thus  heated. 

Now  from  formula  12,  page  23,  we  have  seen  that  the  de- 
livery depends  especially  upon  the  weight  of  air  0.  This 
weight  depends,  however,  whether  the  air  is  compressed  or 
not,  upon  the  temperature.    The  greater  the  temperature,  the 
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less,  for  equal  yolumey  the  weight.  Therefore,  under  similar  cir- 
cumstances, the  working  cylinder  receives  a  less  weight  of  air 
and  performs  less  work.  For  the  same  deliyerj  the  volame  of 
the  working  cylinder  must  be  increased.  For  this  reason  the 
use  of  the  regenerator  gave,  in  Ericsson's  first  engine,  a  less 
delivery  than  without,  and  this  may  be  the  reason  of  its  omis- 
sion in  his  later  engine. 

If,  however,  the  value  of  a  hot-air  engine  is  estimated,  as  is 
proper,  by  the  ratio  of  fuel  consumption  to  the  dimensions  ajid 
delivery,  the  use  of  the  regenerator  is  advantageous  when  the 
engine  does  not  give  the  maanmum  delivery.  If,  for  example,  the 
expansion  is  not  carried  so  far  that  the  temperature  sinks  to 
Ti  =  122.51°  C,  but  only  say  to  iTs  =  160°  C.,  the  heat  160  - 
122.51  =  37.49°  can  be  added  by  the  regenerator.  The  deliv- 
ery will  be  less  than  the  maximum,  but  Jn  the  same  degree  less 
fuel  will  be  needed.  If  this  37.49°  is  lost,  not  only  will  the 
delivery  be  less  than  the  maximum,  but  also  more  fuel  will  be 
necessary.  It  follows,  then,  that  in  a  kot^ir  engine  which  gives 
the  maximum  ddivery,  whether  open  or  dosed,  the  regenercUor  is  of 
no  effect ;  but  in  one  which  is  not  so  arranged  as  to  give  the 
maximum  delivery,  it  may  be  advantageous. 

AbsdvJte  Maadmum  Ddivery. — The  absolute  maximum  deliv- 
ery of  a  hot-air  engine  can  only  be  attained,  when  the  cycle 
process  is  of  the  character  described  in  Chapter  YL,  in  which 
case  the  heat  imparted  for  a  certain  work  is  least  Therefore 
the  addition  and  abstraction  of  heat  must  be  so  regulated 
that  the  air  expands  in  the  working  cylinder,  at  first,  according 
to  the  isothermal,  and  then  according  to  the  adiabatic  curve, 
and  that  the  compression  in  the  feed-pump  should  also  be  simi- 
lar.   The  law  of  addition  and  abstraction  of  heat  is  therefore 

pv=piVt. 

If  we  wish  a  formula  for  the  delivery  of  such  a  machine,  we 
must  put  Ti  =  T^  and  Tz=  Tin  the  equation 

i  =  ^[«(2^,-21)-«(2;-r)]    onpage244, 

since  the  temperature  or  inner  work  is  constant  during  the  re- 
ception and  abstraction  of  heat.    If,  however,  7\  =  T^  and  7s  = 
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T^  we  cannot  find  the  delivery  from  the  equation.  We  know^ 
however,  that  under  the  given  circumstanoes  we  can  deter- 
mine the  heat  imparted  and  abstracted  from  the  initial  and 
final  volumes,  or  from  the  initial  and  final  temperatures.  For 
the  heat  imparted  we  have,  page  158, 

Q  =  2.3026^18  iTi  log  ^,  if  v^  is  the  initial  volume  at  the 

greater  pressure  j>i9  and  v%  the  final  volume  after  isothermal  ex- 
pansion. 
For  the  heat  abstracted 

Ci  =  2.3026  JiJiTa  log.—', 

where  v^  is  the  greater,  and  v^  the  less  volume. 

We  can  now  find  the  work  L  according  to  Equation  XXX., 
page  184    We  have 

l^-^{t,-t;,, 

for  one  kilogram  of  air.    For  0  kilograms  we  have 

Putting  for  Q  its  value  we  obtain 

L  =  %dfmRG  ( T^  -  7i)  log  ~^ 

This  is,  then,  the  absolute  maximum  delivery  of  a  hot-air  en- 
gine.   If  we  denote  it  by  io,  we  have 

La  =  2.80265(?  (T;  -  T^)  log  — ^ 

If  we  express  the  weight  O  in  terms  of  the  cylinder  volume, 
we  have,  page  228, 

where  p^  is  the  final  pressure  and  7",  the  final  temperature  after 
expansion  in  the  working  cylinder.    We  have  therefore 

La  =  2.3026FHp,  '^^^  log  -^ . 
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have  —  =  — ,  and  according  to  the  law  of  the  adia- 

'6 


But  we 
batic  carve 

hence 


If  we  substitute  this  value  of  ^^^  in  the  expression 
aye 

J: 


for  — ,  we 


Hence 


La  =  2.d026FHp,  ^^-^  log  ^f  5)*^  meter-kilograms. 
If  the  strokes  per  minute  are  n,  the  delivery  per  second  is 
~  X  2,3026i?'5ft  ^^^^^  log  ^  (p)'"*  meter-knograms, 
and  the  horse-power  is 

If  the  pressure  is  given  in  atmospheres,  we  have 

10334x2.3026    ^^ 

— 60  X  75 ^-^^>«*<5.,    or 

N=  5.28SnFHp,  ^^-^  log  ^  f-pV*  horse-power. 
li  we  take  as  outer  limits,  Ti  =  573  and  T^  =  273,  we  have 

If  this  value  is  real,  we  must  have 

Pi>12.804i?5,, 

that  is,  the  pressure  for  the  least  volume  Vi  must  be  at  least 
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greater  than  12.804  times  the  initial  pressure  p^    If,  then,  we 
take^  =  20  and^?^  =  1  atmosphere,  we  have 

j\r=Li27Fm, 

and  hence  for  the  cylinder  yolume 

n 

For  an  engine  in  which  heat  was  added  under  constant  press- 
ure the  greatest  pressure  is  given  by 


f'=(?) 


0:2907 


For  the  maximum  delivery  Ti  =  395.51  and  T=  273,  hence 

ojaoT  / 
jPi  =  4/     Q  '      =  3.581  atmospheres. 

The  cylinder  volume  in  this  case  is 

FH  =0.9107—, 

pn 

where  N  is  the  horse-power  and  p  =  l. 

While,  then,  the  volume  for  the  same  delivery  is  only  a  little 
greater,  the  greatest  pressure  is  much  less  than  in  the  first 
case. 

Since  it  is  difficult  to  construct  engines  for  20  atmospheres' 
pressure,  we  cannot  use  the  system  which  gives  the  absolute 
maximum  of  work,  that  is,  gives  the  greatest  effect  with  the 
least  expenditure  of  fuel.  If  we  run  the  pressure  up  to  14  or 
15  atmospheres,  the  cylinder  volume  will  be  much  greater  than 
for  the  other  systems. 

FormuloR  for  Hot- Air  Engines — Shyrtest  Form. — ^The  formula 
for  the  absolute  maximum  delivery 

which  we  have  found  for  the  simple  cycle  process,  can  be  de- 
duced in  this  form  for  every  hot-air  engine. 
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Since  in  the  equation 

L  =  ^[8{T,-T,)-8{T,^T)^    pa«e244, 

« (22  —  T^  is  the  heat  imparted,  and  « (TJ  —  T)  that  absttacted, 
of  which  the  first  is  denoted  by  Q  and  the  second  by  Qi^  we 
have 

But  now  we  have  proved  that  for  all  hot-air  engines 

when  the  heat  addition  or  abstraction  takes  place  according  to 
the  law 

Hence 

Ti -  71 :  Z-  T=  T^  \T^    or    =  7;  :  T. 

Therefore 
or 
Accordingly 

or 

V yr~     Vi jr-« 

Inserting  the  first  value  of  Qi  in  the  above  equation  for  X, 
we  have 

Hence  we  can  calculate  the  delivery  of  a  hot-air  engine  from 
the  heat  imparted  QO,  the  initial  temperature  T,  and  the  tem- 
perature which  the  air  receives  by  compression  according  to 
the  adiabatic  curve. 
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We  see  that  for  (7  =  1,  that  is,  for  one  kilogram  of  air,  this 
equation  is  identical  with  that  found  for  the  simple  oyole  pro- 
cess. Chapter  YL 

If  we  insert  the  second  yalue  of  Qu  we  haye 

Therefore  we  can  find  the  delivery  from  the  heat  imparted 
QO^  the  temperature  T%  which  the  air  receiyes  in  the  heating 
apparatus,  and  that  which  it  has  after  expansion  in  the  working 
cylinder. 

Since  the  specific  heat  does  not  occur  in  these  formulae,  we 
see  t)iat  the  delivery  of  a  hot-air  engine  is  independent  of  the 
specific  heat.  If,  for  example,  in  the  two  systems  already 
noticed,  Ericsson's  and  Sterling's,  the  temperatures  7\  and  2\ 
or  T^  and  T^  as  well  as  the  amount  of  heat  QO^  are  the  same, 
the  engines  will  all  give  the  same  delivery.  The  weight  of  air 
in  the  Sterling  engine  must  indeed  be  greater  than  in  the  other, 
because  the  specific  heat  8  is  less.  Neither  has,  then,  any  ad- 
vantage over  the  other,  apart  from  the  dimensions  of  the  engine. 
The  delivery  of  both,  as  well  as  of  all  systems  in  which  there  is 
a  cycle  of  the  kind  in  question,  is  proportional  to  the  heat  im- 
parted and  to  the  temperatures  occurring  in  the  engine  only. 

We  can  also  find  the  delivery  L  from  the  heat  Qi  0  abstracted. 

If  we  insert  in  the  equation  for  £,  the  second  value  for  Q,  we 
have 

L  =  ^{^-Q.)=^^{T,-T)  .    (LXVI) 
If  we  insert  the  second  value  of  0^  we  have 

There  only  remains  to  deduce  formulae  for  hot-air  engines 
in  which  the  compression  and  expansion  do  not  take  place 
according  to  the  adiabatic  curve,  but  according  to  some  other, 
for  which  the  general  law  is 
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where  —  possesses  a  different  yolume  from  that  for  the  other 

carves  of  heat  addition  and  subtraction.  The  deduction  of 
such  formulsB  is  unnecessary,  since  they  are  applicable  to  no 
existing  systems,  and  it  is  improbable  that  in  future  any  engines 
will  be  constructed  to  which  they  are  applicable. 

As  already  remarked,  our  discussion  and  formulae  do  not 
apply  to  the  more  recent  engines  of  Laubereau  or  Lehmann,  in 
which  the  air  does  not  go  through  a  simple  cycle  process,  and 
which,  according  to  the  author's  view  (particularly  the  latter), 
are  especially  suited  for  minor  industrial  uses.  We  shall  there- 
fore seek  at  the  close  of  this  chapter  to  briefly  describe  a  hot- 
air  engine,  the  principle  of  which  seems,  from  a  practical  stand- 
point, worthy  of  notice.  We  allude  to  the  high-pressure  engine 
of  Richard  linger,  described  in  the  CivU-Ingenieur  and  Pdytechiu 
JownwL  In  the  next  chapter  we  will  treat  in  detail  of  the 
engines  of  Laubereau  and  Lehmann. 

CmxirwAvofti  of  Unger*8  Engine, — ^In  the  hot-air  engines  con- 
sidered in  this  chapter,  the  cold  air  is  first  compressed  adia- 
batically  in  the  feed-cylinder,  and  its  tension  increases,  there- 
fore, according  to  the  exponential  law  of  Mariotte.  If,  how- 
ever, we  compress  the  air  in  the  feed-pump  while  we  abstract 
the  heat  developed,  the  expansive  force  increases  according  to 
the  simple  law  of  Mariotte,  and  the  compressed  air  posesses  at 
the  same  pressure  pi,  a  much  less  volume  than  when  the  com- 
pression took  place  adiabatically.  Since,  also,  the  temperature 
of  this  air  is  less,  it  will  expand  much  more  when  heated  to  the 
same  degree,  and  hence  perform  more  work ;  or  inversely,  for 
the  same  performance  it  expands  less,  and  hence  the  volume  of 
the  working  cylinder  is  less.  Also,  the  same  weight  of  air  is 
heated  to  a  less  degree  for  the  same  amount  of  heat  imparted, 
and  hence  the  highest  temperature  in  the  engine  is  less  than 
when  the  air  is  compressed,  according  to  the  exponential  law 
of  Mariotte. 

This  principle  has  been  applied  by  Richard  Unger,  in  his 
high-pressure  caloric  engine.  The  compressed  air  in  the  feed- 
pump is  cooled  by  injecting  cold  water  in  spray,  which  is  thus 
converted  into  steam.  This  water  is  forced  into  the  feed-cylin- 
der by  a  small  pump,  worked  by  the  engine  itseli    In  this 
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way,  according  to  the  Journal^  the  air  is  brought  to  about  30° 
C.y  for  a  pressure  of  6  atmospheres  (5  atmospheres  effective). 
The  steam  formed  increases  somewhat  the  expansive  force  of 
the  air,  and  probably  diminishes  the  piston  friction. 

The  furnace  is  a  cylindrical  space,  inclosed  by  iron  plates, 
spherical  above  and  below.  It  consists  of  three  annular  con- 
centric spaces.  In  the  central  space  the  coal  is  consumed. 
This  is  connected  by  openings  with  the  inner  space,  which  is 
closed  above,  but  open  below.  This  latter  communicates  with 
the  outer  space. 

Into  the  fireplace  proper,  as  well  as  into  the  inner  space,  a 
part  of  the  compressed  air  is  forced  by  the  feed-pump  by  nar- 
row pipes,  thus  securing  perfect  combustion.  The  hot  pro- 
ducts of  combustion  then  mix  with  the  larger  part  of  the  cold 
air  furnished  by  the  compression-pump,  which  fills  the  outer 
annular  space,  where  it  is  heated  by  the  central  fire  space.  In 
this  way  the  air  receives  a  temperature  of  250  to  300". 

The  hot  air  is  then  led  by  special  pipes  to  the  valve  chests, 
and  enters  first  on  one,  then  on  the  other  side  of  the  piston. 

Befone  the  compressed  air  reaches  the  furnace  it  enters  a 
receiver,  probably  in  order  better  to  regulate  the  air  necessary 
for  combustion.  {Dingler's  Fdytechn.  Journal^  Bd.  clxxxvi., 
Heft  L) 


CHAPTER  X. 

THE  HOT-AHt  ENOINES  OF  lAUBEBEAU  AND  LEHICANN. 

In  the  preoeding  ohapters  we  have  given  the  theory  of  those 
open  and  olosed  hot-air  engines  in  which  a  definite  volume  of 
air  makes  in  the  engine  a  cycle  process.  If  the  engine  is  sin- 
gle-acting, as,  for  example,  Ericsson's,  snch  a  cycle  is  com- 
pleted daring  one  revolution ;  in  double-acting  engines  we  have 
also  a  cycle  during  the  same  period,  but,  other  things  being 
the  same,  we  have  a  double  weight  of  air,  so  that  for  the  same 
dimensions  we  have  a  double  performance.  The  two  engines 
which  we  now  consider,  are  in  reaUiy  closed  engines,  but  the 
air  in  them  does  not  complete  a  cyde  in  the  toay  heretofore  o^ 
aimed.  Thus,  while  heretofore  the  entire  inclosed  air  volume 
was  either  compressed  or  rarefied,  now  only  a  part  is  thus 
treated,  while  the  other  part  is  in  another  condition.  For  this 
reason  the  formulse  thus  far  developed  do  not  apply  to  these 
engines.  We  cannot,  therefore,  determine  their  performance 
from  the  heat  added  or  abstracted  and  the  temperature  fall, 
according  to  the  fundamental  principles  of  the  mechanical 
theory  of  heat,  but  we  must  rather  adopt  the  method  which 
we  have  followed  in  the  calculation  of  the  Ericsson  engine. 

Description  of  the  LoMbereau  Engine. — This  engine  consists  of 
a  hollow  iron  cylinder,  abed  (see  Figs.  41  and  42,  following), 
surrounded  by  a  somewhat  wider  cylinder,  efgh.  The  space 
between  is  filled  with  cold  water,  in  order  to  cool  the  air  in 
the  cylinder.  In  the  lower  part  of  the  cylinder  is  a  bell,  of 
oast-iron,  whose  sides  are  corrugated,  in  order  to  afford  a 
greater  surface  to  the  hot  air.  The  sides  of  this  bell,  as  well 
as  of  the  cylinder,  are  shaded  black  in  the  Figs.  41  and  42.    In 

256 
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Fig.  42  tile  bell  is  heated  hy  gas,  brought  on  through  the  pipe  o 
and  bnttaer  I.  To  secore  the  air  -nBceaRaij  for  active  eombaB- 
tioB,  I  is  sorroimded  by  a  tube,  mn,  through  which  a  cnrrent 
of  air  passes.  In 
Fig.  41  the  for- 
nace  A  is  supplied 
with  coal  by  the 
oast-iron  door  p, 
the  products  of 
combustion  pass 
oaithronghm,and 
thus  the  bell  ik 
is  heated.  These 
products  collect 
at  q,  and  pass  off 
through  the  chim- 
ney M. 

The  interior  of 
the  cylinder  abed 
is  partly  filled  by 
the  diatributionpia- 
toa  V,  the  exterior 
of  which  is  of  cast- 
steel,  and  which 
consists    of    two 
parts.     The  inte- 
rior of  both  parts,  and  the  space  between,  is  filled  with  some 
poor  conductor  of  heat     The  piston  stock  has  a  rod  t,  which 
passes  air  tight  throogh  a  stuffing-bos  in  the  cover  of  the  cyl- 
inder abed.    The  oontinitetion  of  the  disfa-ibution  piston  below 
forms  a  thin  plate  cylinder,  as  in  Ericsson's  engine,  which,  when 
the  piston  is  in  its  lowest  position,  incloses  the  bell  ik,  and 
easily  absorbs  its  radiant  heat 

The  ol^ect  of  the  distribution  piston  is  as  follows.  Sup- 
pose a  certain  amount  of  air  La  the  cylinder  abed,  then  by  far 
the  greatest  portion  will  be  above  the  piston,  since  there  is  the 
greatest  free  space.  Bnt  since  the  upper  part  of  the  cylinder 
e^cd  is  surrounded  by  cold  water,  the  air  there  must  have  the 
temperature  of  this  water.  If,  now,  the  piston  V  rises,  the 
air  most  pass  from  the  upper  to  the  lower  space,  and  come  in 
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contact  with  the  hot  plates  of  the  piston,  and  the  hot  bell  He, 
BO  that  it  is  immediately  heated,  and  has  a  great  tension.  If 
the  piston  again  de^ 
scends,  the  heated  air 
passes  into  the  apper 
cold  space  and  im- 
parts its  beat  to  the 
cold  water.  The  tem- 
perature dtns  sinks  to 
its  original  -valae.  It 
foUows  that  the  water 
surrounding  the  np- 
per  part  of  the  cylin- 
der most  be  constant- 
ly renewed.  This  is 
done  byasmaUpninp, 
P,  merely  indicated 
in  the  Fignres. 

Now  that  we  have 
seen  how  the  air  in  the 
engine  is  alternately 
heated  and  cooled, 
fmd  thos  has  a  greater 
and  less  expansive 
force,  let  ns  explain 
how  the  increased  force  of  the  heated  air  is  converted  into 
mechanical  work. 

From  the'  lower  part  of  the  inner  space  of  ahcd,  in  the  neigh- 
borhood of  h,  a  pipe,  dotted  in  Fig,  42,  leads  to  the  lower  part 
of  the  loorkiTig  cylinder  B.  This  cylinder  is  open  above.  In 
the  bottom  is  a  cock,  A|,  by  which  air  can  be  admitted  to  the 
cylinder  and  to  the  engine.  The  cylinder  is  fitted  with  an  air- 
tight piston,  E,  and  rod,  k^,  which  works  vertically  np  and  down 
throngh  fixed  goides  above.  By  the  forked-shaped  connect- 
ing-rod gTi,  the  crank  vvi  and  shaft  vrw  are  set  in  motion. 
The  shaft  passes  throngh  boxes  IJ^,  borne  by  the  frame  CC 
Upon  the  shaft  is  the  fly-wheel  SS,  and  the  disc  r,  which  ^aly 
means  of  the  belt  r,  and  the  ptiUey  rj  work  the  pomp  P.  The 
shaft  WW  ie  divided  in  the  middle,  and  famished  with  two  small 
cranks  a,  connected  by  a  triangnlar  cam  g%,  Fig.  41.    This  cam 
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moves  in  the  rectangular  frame  uu^  which  is  connected  below 
with  the  rod  t  of  the  distribntion  piston.'  Above  it  is  connected 
to  two  rods,  ^2  fl-^d  <3,  which  work  vertically  in  the  guides  /i/i. 
The  cam  g2  tiins  answers  to  the  eccentric  in  the  steam  engine. 

When,  now,  the  engine  is  put  in  motion,  the  gas  is  either 
kindled  or  burning  coal  introduced  through  the  door  p.  After 
a  few  minutes,  when  the  bell  ik  is  sufficiently  heated,  the  engine 
is  turned  by  means  of  the  fly-whe^l  SS  beyond  its  dead  point, 
so  that  the  distribution  piston  Fis  moved  upwards.  The  cold 
air  is  thus  forced  rapidly  into  the  lower  warm  space,  where  it 
is  heated  up  to  about  300^  C.  The  tension,  before  1  atmos- 
phere, thus  becomes  about  IJ  or  more,  according  to  the  con- 
struction of  the  machine.  By  reason  of  this  increased  tension 
the  piston  h  in  the  working  cylinder  is  raised.  When  the  dis- 
tribution piston  has  reached  the  upper  end  of  its  stroke,  the 
working  piston  has  still  some  distance  to  go.  The  first,  there- 
fore, descends  while  the  working  piston  completes  its  stroke. 
The  tension  of  the  air  in  the  engine  sinks  immediately  below  1 
atmosphere,  and  the  working  piston  is  forced  down  by  the 
outer  air  pressure. 

At  the  moment  when  the  latter  commences  to  ascend,  the 
distribution  piston  has  already  risen  part  way,  a  part  of  the 
cold  air  is  again  heated,  the  entire  air  mass  has  thus  a  greater 
tension,  and  the  working  piston  is  again  raised,  and  so  on. 

While  the  motion  of  the  wt)rking  piston  is  tolerably  uniform, 
that  of  the  distribution  piston  is  more  irregular.  At  the  upper 
and  lower  points  of  its  stroke,  it  must  linger,  while  the  stroke 
up  and  down  is  quickly  accomplished.  Indeed,  it  may  even  be 
that  the  distribution  piston  makes  its  entire  stroke  while  the 
working  piston  is  reversing  its  motion.  The  motion  of  the  dis- 
tribution piston  is  dependent  upon  the  construction  and  shape 
of  the  triangular  cam  g^  an'd  frame  un.  (Such  an  arrangement 
is  represented  in  Fig.  777,  Art.  475,  of  Du  Bois'  translation  of 
Weisbach's  Mechanics  of  Engineering,  vol.  2.) 

According  to  reports,  these  engines  of  Laubereau  should  not 
make  less  than  500  revolutions  per  minute,  and  just  so  often 
the  air  must  be  heated  and  cooled.  From  a  practical  stand- 
point this  appears  hardly  possible.  If  the  data  are  correct, 
we  see  how  very  rapidly  air  can  receive  and  give  up  heat,  when 
made  to  move  over  warm  or  cold  plates. 
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Theory  of  Lavbereav^s  Engine. — ^Let  ns  first  myestigate  the 
tension  relations  in  the  engine.  We  may  proceed  here  in  a 
manner  similar  to  that  adopted  for  the  Ericsson  engine.  We 
use  the  following  notation. 

First,  it  is  assumed  that  the  cylinder  efgh^  as  well  as  the  dis- 
tribution piston  Vj  are  closed  above  and  below  by  plane  sur- 
faces.   Let 

F  sq.  meters  be  the  cross-section  of  the  distribution  piston,  or 
the  area  of  the  cylinder  aJbod. 

H  meters,  the  length  of  stroke  of  the  distribution  piston. 

Hi  meters,  that  distance  which  the  distribution  piston  passes 
over  while  the  working  piston  reverses  its  motion. 

A  meters,  the  stroke  of  the  working  piston. 

h  meters,  the  distance  passed  over  while  the  distribution  pis- 
ton passes  through  H  —  Hx* 

G  the  weight  of  air  in  the  engine,  which  is  always  constant 

T  the  absolute  temperature  of  the  cold  air. 

t  its  temperature  Centigrade. 

Ti  the  highest  absolute  temperature  of  the  air. 

p  the  pressure  of  the  cold  air  in  the  cylinder  o&odf,  when  the 
distribution  piston  is  below. 

pi  the  highest,  and 

Pi  the  lowest  pressure  during  a  ri^yolution.    Finally 

h  meters,  the  height  of  the  prejudicial  space  or  clearance,  con- 
sidered not  as  annular  but  as  a  cylinder. 

If  the  distribution  piston  is  below,  the  air  volume  above  it  is 

FH 

of  the  temperature  T  and  pressure  p. 
This  weighs,  according  to  known  principles. 


-p^  kilograms. 


RT 

Below  the  piston  we  have  the  air  volume 

Fb 

of  the  pressure  p  and  temperature  Ti ,  whose  weight  is 

Fbp 
ETi' 
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The  entire  weight  of  air  inclosed  is  then 

The  distribution  piston  has  passed  through  the  distance 
H—Hi  when  the  tension  in  the  entire  engine  has  risen  to  p^. 
Above  the  piston  there  is  now  the  air  weight 

FH,pi 
RT  ' 
and  below 

R'n  RTx' 

so  that  for  this  position  the  air  weight  is 

^~   RT    ^  BTi 

_rilr      H-H,  +  b-]Fp,  .„. 

-|_yf+  ^f         ^J-^-   ....     W 


From  (1)  and  (2)  we  have 

Pi  _  HTi  +  hT 


p      SiTi  +  {H-Hi  +  b)T  ' 


(3). 


If  we  put  H—  Hi  =  H,  at  Hi  =  0,  that  is,  if  we  assume  the 
working  piston  to  be  first  raised  when  the  distribution  piston 
is  at  the  upper  end  of  its  stroke,  we  have 

Pt  _  HTi  +  IT 
p  ~  {H+h)T' 

This  is  evidentl J  the  greatest  value  which  pi  can  have. 
Since  we  can  also  write 

P'  =  {H+b)TP ^*>- 

we  see  that  pi  depends  essentially  upon  the  initial  pressure  p. 
If  we  haye  6  =  0,  we  haye 

T 
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Therefore  the  pressure  pi  is  directly  as  the  temperatnre  7i 
and  the  initial  pressure  py  and  inversely  as  the  temperature  T, 

After  the  distribution  piston  has  risen  the  distance  Z^,  the 
working  piston  moves  through  the  distance  hi  under  the  con- 
stant pressure  pi.    The  air  weight  is  now 

From  (6)  and  (2)  we  have 


y^^mi^     and 


h  =  j    §{'f'.-T) 


(7). 


If  again  we  put  jE^  =  0,  we  shall  have  ^i  =  0,  that  is,  tKe 
working  piston  goes  through  no  distance  under  constant  press- 
ure, but  is  raised  by  expansion  of  the  air. 

If  further  we  take/=  i^'and  take  7\  =  2  x  273  and  T=  273, 
that  is,  if  we  warm  the  air  from  0  to  273"^,  we  have,  as  is  evident^ 

hi  =  JSi. 

Let  us  determine  now  the  height  A,  which  the  working  piston 
has  to  move,  in  order  that  the  pressure  may  sink  to  the  origi- 
nal pressure  p. 

When  the  working  piston  has  passed  through  %,  the  air  vol- 
ume in  the  engine  is 

Fir-h  Fh  +/h. 
This  volume,  at  the  pressure  p  and  temperature  7\,  weighs 


Equating  this  to  (1),  we  obtain 

FH+  Fb+^  _  FH      

BT^  "BT^BTt' 

and  after  reduction 


Fb 


h^^{T,^T) (8)- 
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From  (7)  and  (8)  we  have  now 

hi<  h  ::  Hi'.  H. 

While  now  the  working  piston  is  at  its  highest  point,  the 
distribution  piston  passes  through  H—  H^  and  the  pressure 
of  the  air  sinks  from^  to  p^.    The  inclosed  air  weight  is  now 

^._  /hp,      FH,pt  ,    Fbp,     F(H-  H,)p, 
BTi       BTi        £Ti  BT 

Equating  this  to  (1),  ^e  haye 

i^H-  H^)p,Ti  +  (Hi+b-  H)p,T=  (STt  +  hT)p 


Pi  _  HTx  +  hT 

p  ~  {2H-Hi)  Tt  -  {H-  H,-h)T 

If  here  we  put  H—  Hi  =  H,oi  Hi=^  0,  we  have 

Pt  _        HTj  +  hT 

p  ~  2H.Ti  -  {S -  b)T  '    '    ' 


(9). 


(10). 
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Let  ^  =  1  sq.  meter,  /=  ^sq,  meter,  ff=  0.3 m.,  and  R^  =  0.1  meter.  Alao, 
b  =  0.02  meter,  the  temperature  t  of  the  cold  air  0%  or  T=  373,  and  of  the  hot 
air  /,  =  273',  or  2*,  =  2  x  278.  What  are  the  pressure  relations  in  the  engine, 
and  how  ffreat  are  A|  and  h  ? 

From  (S), 

P±^  0.2  X  2  X  273  +  0.02  x  273 

p  "■  0.1  X  2  X  273  +  (0.2  -  0.1  +  0.02)273 

=  ^-4  4-0.^  ^  0^  ^  ^313  atmospheres. 
0.2  +  0.12      0.32  ^ 

If  Ri  were  0,  we  haye  from  (4) 

^  =  ^'1:  ^  :^1:T  J  =^=1.909  atmospheres, 
p  0.2  X  378  -h  0.02  x  273  0.22  ^ 

This  is  evidently  the  highest  pressure  which  can  be  attained  for  the  tempera- 
ture 273'*,  when  only  air  is  inclosed  in  the  engine. 
If  the  prejudicial  space  is  zero,  we  have 

p,  =  2  atmospheres. 

The  minimum  pressure  pt  is  from  (9) 

'•  -  0.2x2x278+0.03x878  _  0.42  _  .tmomhare 

y  -  (a4  -  0.1)2  X  278  -  (0.2  -  0.1  -  0.0S)878  -©:»-''•*"  **°»"P>'««»- 


264  THERMODYNAMICS. 

If  again  here  H^  =  0,  that  is,  if  the  distribution  piston  completes  its  stroke 
while  the  working  piston  lingers  at  the  upper  end  of  its  stroke,  we  have  from  (10) 

p.  0.3  X  a  X  273  +  0,02  x  273  0.42     „  «w»  ^         v 

F"  8  X  0.2  X  2  X  278 -(0.2 -0.08) 278  =  g;^  =  0-<»77 atmosphere. 

From  this  example  we  see  very  plainly  that  in  the  construction  of  the  engine 
care  should  be  taken  to  make  the  motion  of  the  distribution  piston  such  that  it 
shall  pass  through  its  entire  stroke  while  the  working  piston  lingers  at  the  dead 
points,  and  that  it  shall  linger  on  its  own  dead  points  until  the  working  piston 
has  completed  its  entire  stroke.  Finally,  the  prejudicial  space  or  clearance 
must  be  as  small  as  possible. 

We  see,  further,  that  only  that  portion  of  the  inclosed  air  performs  outer 
work  by  which  the  air  volume  is  increased  by  heating.  The  entire  air  volume 
contained  in  the  distribution  cylinder  takes  no  part  in  the  performance  of  work. 
Since  it  is  heated,  however,  and  hence  its  inner  work  increased,  that  heat,  neces- 
sary for  the  increase  of  inner  work,  is  lost.  The  engine  works,  therefore,  less 
advantageously  than  those  hot-air  engines  considered  in  preceding  chapters. 

It  remains  to  determine  from  our  f ormubo  the  entire  stroke  A,  of  the  working 
piston,  and  that  part  of  it  which  the  piston  describes  under  constant  preasnie. 
We  can  then  calculate  the  performance  of  the  engine. 

From  (7), 

hi  =  j    ~|  (2  X  278  -  273)  =  0.2  meters. 

The  entire  stroke  h  is  from  (8), 

h  =  j    ^  (2  X  278  -  278)  =  0.4  metres. 

We  have,  therefore,  as  already  proved, 

hi  zh^Ri  \H, 

Ddivery  of  the  Engine. — ^In  order  to  calculate  the  delivery  of 
the  engine,  we  proceed,  on  accoxmt  of  the  small  dijSerences  of 
tension,  in  the  following  manner : 

The  delivery  L^  under  constant  pressure,  if  ^  is  -the  outer 
air  pressure,  is 

Li=f{Pi-p)K 

If  we  assume  the  mean  pressure  during  expansion  at  ^*  ^     , 

which  varies  but  little  from  the  actual,  we  have  for  the  deliv- 
ery during  expansion 

Hence  the  entire  delivery  during  the  rise  of  the  piston  is 
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When  the  working  piston  &lls,  it  describes,  tinder  the  con- 
stant pressure  j9—jP2y  the  distance  hi.  The  work  of  the  onter 
air  pressure  is  hence, 

From  here  on,  the  pressure  diminishes  gradually  down  to 
zero. 

We  have,  therefore,  for  the  delivery  during  the  descent 
A  -  Ai, 

Hence  the  delivery  during  the  descent  of  the  piston,  due  to 
the  pressure  of  the  atmosphere,  is 

« 

A(i'-l»0+/(A-*i)^^=/(A  +  Ai)^^    .    (2). 
The  entire  delivery  of  the  engine  per  revolution  is  hence 
L  =f{h  +  A.)  S^  +/(h  +  A.)^--^ 

If  the  engine  makes  per  minute  n  revolutions,  and  w  is  iftie 
efficiency,  the  delivery  per  second  is 

A  =  10334  ^t^  (A  +  h,)  ^?^=^  meter-kilograms, 

and  the  delivery  in  horse-power  is 

,^      10334        .,,   ,  i\PtrzPt 

=  2.296  rM^(A  +  Ai)^^^^    •    (LXVIIL) 
If  we  take  the  preoeditig  example  and  assume  that  the  engine 
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makes  45  revolutions  per  minute,  and  has  an  efficiency  of  0.5, 
we  have 

N=  2.296  X  45  X  0.5  X  0.5  (0.4  +  0.2)  I-^IS  --  0.808 

=  4  horse-powers. 

Tresca  has  observed  in  engines  of  this  kind,  for  cylinder 
diameter  of  0.5  meter,  and  hence  cylinder  cross-section  of  0.196 
square  meter,  stroke  of  0.4  meter,  and  effective  pressure  dur- 
ing rise  of  piston  of  0.25  atmosphere,  a  delivery  of  0.8  horse- 
power. For  a  cross-section  of  working  cylinder  of  0.5  square 
meter,  as  in  our  example,  the  delivery  for  this  slight  pressure 

05 
would  be  ^■,'      X  0.8  =  2.04  horse-power.     If  we  consider  that 
0.19o  ^ 

the  pressure  in  our  example  is  0.313,  and  that  the  effective 
pressure  of  the  atmosphere  is  also  greater,  we  can  conclude 
that  our  formula  is  reliable  if  the  number  of  revolutions  is  not 
far  from  45. 

The  delivery  is  considerably  greater  when  pi  and  p^  have  the 
above  calculated  maximum  values,  or  when  the  engine  is  so 
constructed  that  the  working  piston  lingers  at  its  upper  or 
lower  positions  while  the  distribution  piston  describes  a  com- 
plete stroke. 

Dimensiona  for  a  given  Delivery. — If  we  jput  in  the  last  for- 
mula in  place  of  h  and  hi  the  values  from  (7)  and  (8),  we  have 

ir=  2.296nw  ^  {T,  -  T)  (ir+  H^)  ^''Z^    .    (LXIX.) 

whence  it  appears  that  the  delivery  increases  not  only  with 
the  area  F  and  the  height  H  of  the  distribution  cylinder,  but 
also  with  the  temperature  Tx. 

From  this  formula  we  have  at  once  the  area  F  for  an  engine 
of  given  power.     Thus, 

^^  27296^ (?\  -r)  (Zr+  Hx){px  -Pi)  '    ^^^^ 

Here  Uj  w^  71,  T^  and  H,  Hi  are  considered  as  given.  The 
values  otpi  and^  are  then  found  from  (3)  and  (9). 
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For  the  maximnm  delivery,  where  JSJ  =  0,  we  have 

2TN 


F^ 


2.S96nwIl{T^-  T){p^^Pi)  *    (^^^^) 


EXAMPLE. 


What  must  F  and  /  be,  when  the  actual  delivery  N  of  the  engine  is  two  horse- 
power, and  w  =  0.30,  »  =  60,  T^  =  2  x  278,  T=  278,  B:=  0.05,  and  5  =  0.01  ? 
If  we  require  from  the  engine  the  maximum  of  work,  we  have  from  the  equation 

=  X  p-     ,  y  by  inserting  the  numencal  values. 

0.05  X  2  X  278  +  0.01  x  273      -  ooo    *         u 
(0.05  H-  0.01)  X  273 =  ^-^  atmospheres, 

and  from  Equation  10 

Pi      •      RT^  +  bff 


p  -  2HT,  -  {H^h)T 


0.05  X  2  X  278  H-  0.01  x  278  a  i»oo    x         u 

=  2  X  0.05  X  2  X  273  -  (0.05  -  0.01)  x  278  =  ^'^  atmosphere. 


Hence 

2  X  278  X  2 


J'rr 


2  X  296  X  60  X  0.3  X  0.05  X  273  X  1.145 


4 
=r  2-o7.«  =  1.69  square  meters.* 

The  entire  volume  of  the  air  inclosed  in  the  distribution  cylinder  must  there- 
fore be 

1.69  X  0.05  =  0.0645  cubic  meters. 

From  (8)  we  have  for  the  volume  of  the  working  cylinder 

fh  =  0.0845  ^  "^  ^^  ^^  =  0.0645  cubic  meters. 

00845 
If  we  take  A  =  0.05  meters,  we  have  /=  -^-j^ —  =  0.169  sq.  meters. 

t 

The  Hot" Air  Engine  of  Lehmaniu — ^In  the  engine  of  Lanberean 
we  meet  with  two  evils,  the  direct  action  of  the  hot  air  upon 
the  working  piston,  and  the  alternate  heating  and  cooling  of  a 
part  of  the  inclosed  air  which  does  not  contribute  to  the  action 
of  the  machine.  The  first  objection  is  common  also  to  the  en- 
gines of  Unger  and  Belon,  while  Ericsson  has  ayoided  it  in  his 

^  If  we  take  for  the  stroke  O.Sm.  instead  of  0.05m.,  we  should  have  for  F^  0.1G8  square  meters. 
Hence  the  radina  of  the  distribution  piston  would  be  only  0.S88  meter. 


368  TBBBMODTNAMICB. 

engine  in  a  very  ingenionB  maimer.  In  &ct  ibis  inTentioii  is 
specially  distingniBhed  La  that  the  working  piBton  always  re- 
mains cool  (the  temperature  at  most  40"  to  60"),  bo  that  it  can 
be  well  Inbricated,  and  also  in  that  the  motion  of  the  piston  is 
transmitted  in  a  very  simple  and  ingenious  manner  to  tiie  fly- 
>  wheel  and  this  to  the  feed  piston. 

The  objectioBS  to  Ijanbe- 
rean's  engine  hare  been  met  by 
Lehmann,  who,  with  the  same 
idea  at  bottom,  has  joined  the 
special  advantf^es  of  Erics- 
son's invention.  In  Lehmann's 
hot-air  engine,  also,  an  inclosed 
quantity  of  air  is  alternately 
heated  and  cooled,  bat  it  does 
not  act  directly  upon  the  work- 
ing piston.  This  latter  is  pro- 
tected by  the  feed  piston  from 
the  heat  of  radiation  and  con- 
dnction,  while  still  the  ezpan- 
sive  force  of  the  hot  air  is  ap- 
plied ia  the  same  cylinder  in 
which  it  is  heated  and  cooled. 
For  this  reason,  a  part  of  the 
air  is  not  heated  and  cooled 
nnnecessarily  at  eveiy  revolu- 
tion. 

Fig.  43  repxesenta  a  section 
of  Lehmann's  engine,  a  de- 
scription of  which,  together 
with  a  number  of  experi- 
mental results,  have  been 
given  by  Eckerth  in  the  Viertd- 
jahrsachrift  dea  deutachen  Inge- 
nieur-umi  Architekten-Vereins,  1 
Jah^ang,  2  Heft 

ABGD,  Fig.  43,  is  a  horizon- 
tal cylinder  of  cast-iron,  open 
in  front  and  closed  behind.     8  ia  the  fire  space,  with  the  ash 
pit  T.    The  hot  air  plays  aroand  the  outside  of  the  cylinder  at 
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the  left  end,  and  then  mounts  through  the  pipe  R^  which  is  for- 
nished  with  a  throttle  yalve  for  regulating  the  draft,  into  the 
air.  About  fds  of  the  cylinder  is  surrounded  by  a  wider  cyl- 
inder,  LMNP^  and  the  annular  space  between  is  kept  filled 
with  cold  water,  which  enters  below  and  escapes  through  the 
pipe  Q  after  it  has  cooled  the  airi 

In  the  cylinder  ABCD  two  pistons  move.  One,  UU^  is  the 
working  piston,  which  is  made  to  fit  air-tight  by  a  leather 
washer.  This  washer  is  so  constructed  that  it  allows  air  to 
enter  when  the  outer  air  pressure  is  greater  than  the  inner,  but 
hugs  only  the  tighter  and  prevents  exit  when  the  inner  air 
pressure  is  greater  than  the  outer.  The  outer  piston,  called 
the  compressor,  consists  chiefly  of  an  air-tight  riveted  plate 
cylinder  EFGH,  stiffened  inside  by  the  piston  KKj  and  closed 
in  front  by  the  wooden  piston  EF.  The  diameter  of  this  cyl- 
inder is  but  little  less  than  that  of  ABCD^  so  there  is  only  a 
narrow  space  between. 

The  compressor  is  connected  with  a  rod  VW^  which  passes 
air-tight  through  the  working  piston.  This  latter  transmits  its 
motion  to  the  fly-wheel  in  a  manner  similar  to  Ericsson's  en- 
gine, and  the  motion  of  the  compressor  is  similarly  effected. 

In  order  to  preserve  its  motion  in  a  right  line,  guides  are 
fitted  to  the  cylinder  ABGD^  and  to  diminish  the  friction  we 
have  a  roller  at  0. 

The  cranks  and  connecting-rods  by  which  the  motion  of  the 
working  piston  is  communicated  to  the  compressor  are  so  ar- 
ranged that  the  crank  for  the  latter  is  65°  in  advance  of  that 
for  the  working  pistoiL 

In  the  vicinity  of  X  there  is  a  regulator,  which  opens  a  valve 
when  the  normal  action  is  exceeded. 

The  mutual  motions  of  the  working  piston  and  compressor 
are  represented  in  Fig.  44. 

The  circles  above  are  the  crank  circles.  We  have  divided 
each  into  12  equal  parts.  When  the  crank  of  the  working  pis- 
ton has  gone  from  1  to  2,  the  working  piston  has  gone  through 
the  distance  2a,  and  simultaneously  the  feed  piston  has  gone 
through  the  distance  26.  When  the  crank  of  the  working  pis- 
ton reaches  3,  the  working  piston  has  passed  through  3a,  and 
the  feed  piston  through  36,  and  so  on. 

We  see  now  from  the  diagram  that  when  the  working  piston 
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reaches  its  extreme  position  on  the  right  (see  Fig.  4S),  the 
oompressor  has  gone  almost  the  half  of  its  stroke  towaid 
the  left  This  posi- 
tion we  have  indi- 
cated in  the  digram 
by  /.  The  space 
^  right  and  left  of  the 

compressor  is  then 
equal,  but  in  the 
one  we  have  cold 
air  and  in  the  -other 
hot  air,  while  the 
air  layer  in  the  nar- 
row annnlar  space 
between  compres- 
sor and  cylinder 
forms  a  poor  con- 
dnotoF,  by  which 
the  propagation  of 
heat  from  the  hot 
to  the  cold  space  is 
prevented.  This  air 
answers,  then,  the 
purpose  of  the  ring 
valve  in  Ericsson's 
engine. 

When  the  two 
pistons  have  the 
position  in  /,  the 
compressor  goes  to- 
ward the  left  some- 
what more  rapidly 
than  the  working 
piston.  The  hot 
air  is  thns  driven 
out  of  the  hot  space 
behind  the  com- 
pressor   into   the 

cold  space  in  front, 

Flo.  44.  and  its  tension  is 
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diminished*     Since,  howeyer,  the  working  piston  also  moves 

toward  the  left,  the  inclosed  air  is  compressed.     But  the 

increase  of  the  tension  by  the  compression  is  at  first  less  than 

the  decrease  by  cooling.    I^  therefore,  the  entire  air  volume 

had  at  first  the  pressure  of  the  atmosphere,  its  pressure  will 

be  now  somewhat  less.    In  Ericsson's  engine  the  same  is  true. 

As  soon  as  the  feed  piston  begins  to  move  backward,  the  air 

between  the  two  pistons  is  rarefied,  and  cold  air  enters  through 

the  valve  in  the  working  piston.     Eckerth,  however,  ascribes 

this  decrease  of  tension  to  losses  of  air.    From  3  on  (see  dia- 

gram),  the  working  piston  and  compressor  move  with  almost 

equal  velocity  toward  the  left,  and  since  at  3  there  is  but  little 

hot  air  behind  the  compressor,  the  entire  inclosed  air  volume 

soon  takes  the  pressure  of  the  atmosphere,  as  the  closed  curve 

LILIILIV.  above  the  crank  circle  in  the  diagram  represents. 

This  is  obtained  by  laying  off  from  the  line  afi  the  pressures 

corresponding  to  the  positions  LILIILIV.    From  4  on,  where 

the  working  piston  moves  toward  the  left  much  more  rapidly 

than  the  compressor,  and  the  latter  is  almost  at  the  end  of  its 

stroke,  the  pressure  rises  above  the  atmosphere. 

At  //.  the  compressor  has  its  extreme  left  position,  and  all 
the  hot  air  has  passed  into  the  cold  space,  and  since  the  work- 
ing piston  also  has  nearly  completed  its  stroke  toward  the 
left,  the  pressure  is  considerably  higher  than  the  atmosphere. 
The  maximum  pressure,  however,  is  not  yet  attained.  From  //. 
to  IIL  it  must  increase  rapidly,  for  now  the  compressor  re- 
turns and  forces  cold  air  into  the  hot  space,  while  the  work- 
ing piston  still  is  going  toward  the  left  as  before.  About  at  IILy 
then,  we  have  the  maximum  pressure. 

Between  ///.  and  IV,  it  remains  tolerably  constant,  because 
both  pistons  are  moving  together  toward  the  right  with  nearly 
equal  velocity,  and  because  the  increase  by  the  heating  of  the 
cold  air  is  balanced  by  the  increase  of  volume. 

From  IV.  on,  the  working  piston  goes  more  rapidly  to  the 
right  than  the  compressor,  and  the  pressure  sinks  gradually 
until  it  is  again  1  atmosphere. 
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CakfukUAon  of  the  Pressures  in  Lehmomvks  Engine. — ^Let 

F  =  the  cross-section  of  the  larger  cylinder. 

Fi  =  that  of  the  compressor. 

ly  the  length  of  compressor. 

a,  the  distance  between  pistons  in  tl^e  position  /. 

Oi,  the  distance  from  end  of  compressor  to  that  of  cylinder. 

Ty  the  absolute  temperature  in  the  cold  space. 

Tiy  that  in  the  annular  space  between  compressor  and  cylinder. 

T^y  that  in  the  hot  space. 

For  the  inclosed  air  weight  O  we  haye,  when^  is  the  press- 
ure for  the  position  /, 

a^Fap      {F-F,)lp      F<hp 
If  we  put  (JP  —  JPi)  i  =  -  Fa,  we  have 


Again  for  the  position  IL  (see  diagram),  let  h  be  the  distance 
between  pistons,  &i  that  between  cylinder  end  and  compressor 
end,  pi  the  pressure  for  this  position,  then 


^^    B\T^  nTr      tJ    '    '    '    '    ^^^' 


Prom  (1)  and  (2)  we  obtain 


1H_ 

a 
T 

+ 

a 

+ 

P 

b 

rrt 

+ 

a 

+ 

If  for  position  IIL  we  have  c,  Ci,  and  ^  instead  of  6,  61  andjpb 
we  obtain 


Pl. 

a 
T 

+ 

p 

c 
T 

+ 
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For  position  /F[,  taking  p^  d,  and  di  in  the  same  signification 
as  p^  e,  and  Ci  for  ///.,  we  have 

a        a        (h 

P       d        a         dy^ 
T  "^  nTy  ^  T^ 

The  engine  described  bj  Eokerth  was  of  1  horse-power,  and 
had  the  following  dimensions : 

Diameter  of  working  piston. 0.349  meters. 

Stroke  "  "     ..,! 0.175       " 

Diameter  of  compressor 0.342       " 

Stroke       "  "        0.244       " 

Length      "  "         1.527       " 

Area  of  working  piston ^  =  0.0957  sq.  meters. 

Farther,  if  we  take  the  dimensions  of  the  drawings  given  by 
Eckerth  in  his  description  of  Lehmann's  engine  as  approxi- 
mately correct, 

a  =  &6"  (Vienna)     a^  =  6.375"       h  =  7.5"         \  =  0.25" 
c  =  3.5" .  ci  =  2.8"  d  =  0.25"        dy^  =  a25". 

In  the  experiments  the  cold  water  entered  with  a  tempera- 
tore  of  30'  to  60^  and  left  at  40°  to  70^    The  cold  air  had  then 

a  somewhat  higher  temperature  than  — ^j —  =  55°  on  the  av- 
erage. If  we  take  it  at  60%  7=  273  +  60  =  333°.  If  we  assume 
the  mean  temperature  of  the  air  in  the  annular  space  at  100°, 
and  that  in  the  hot  space  at  300°,  we  have  7\  =  373,  and  7,  = 
573. 

According  to  Eckerth,  n  is  about  =  3.  We  have  taken  for  n 
2.5. 

Hence  we  have 

a5  6.5  6.375 

ft  _   333  "*"  2.5  X  373       573   _  0.03762  _  -  o-^jg 

V~     Z:^-  4.       6.5  0.25  ~  0.02993  ~  ^'**^^ 

"333      2.5  X  373      573 
18 
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Also  for  position  III. 

6.5            6.6  6.375 

^  _  "333  "*"  2.5  X  373  573  _  0.03762  _  -  ««-- 

p  ~    3.5            6.5  ,  J:8    ~  0.02237  ~ 

"333      2.5  X  373  573 


For  /r. 


6.6  ^       6.5       ^6.376 

T^rxrk"    'T    7x~S Afvrk      I      — ii^ 


13,  _  333      2.5  X  373       573  _  0.03762  _  -  -f^ 
y  ~  "025  6.5  8.25"  ~  0.02212  ~     '     '* 

833  "^  2.5  X  373      573 

Experiments  with  the  indicator  gave  as  the  maximnm  press- 
ore  an  excess  of  10  pounds,  or  an  iaffectlTe  pressure  of  10  + 14.1  = 
241.    Hence 


f  =  m="'»- 


a  yalue  which  agrees  yery  closely  with  our  calculation.  The 
pressure  relations  are  here,  therefore,  more  favorable  than  in 
Ericsson's  engine,  and  considerably  more  so  than  in  Laube- 
reau's  engine,  as  might  have  been  expected  from  a  considera- 
tion of  the  construction* 

Ddiveryofthe  Ekgtne. — ^According  to  the  diagram,  the  pressure 
of  the  air,  while  the  working  piston  passes  from  I,  to  4:^  is 
tolerably  constant,  and  somewhat  less  than  that  of  the  atmos- 
phere. From  4  to  ZZZ,  it  increases  about  as  the  volume  di- 
minishes, and  the  increase  follows  the  isothermal  curve  there- 
fore. From  IIL  to  IV.  again,  the  pressure  remains  tolerably 
constant,  and  then  from  IK  to  1  decreases  almost  exactly 
according  to  the  ordinates  of  a  straight  line,  that  is,  the  de- 
crease of  pressure  is  proportional  to  the  distance  traversed  by 
the  working  piston. 

We  have  denoted  the  area  of  the  piston  by  F.  Leir  the 
distance  passed  over  from  IIL  to  IV.  be  w,  then  the  work  of 
the  air  during  this  motion  of  the  piston  is 
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Prom  IV.  to  1  the  pressure  is       o      kilograms.    If  the  dis- 
tance is  Wi,  the  work  is 

The  work  of  the  heated  air  is  therefore 


Further,  let  the  pressure  from  7.  to  4  be  po  on  the  aven^, 
and  the  distance  1^29  then,  since  j^  <  j9,  that  is,  is  less  than  the 
atmospheric  pressure,  the  work  of  this  latter  is 

So  ihat  the  entire  deliverj  is 

The  work  of  compression  from  4  to  IIL  is 

Z4  =  2.3026  Fj^  log  ^ 

if  F^  is  the  least  volume  and  jc^  the  greatest  pressure. 

The  first  occurs  when  the  working  piston  reaches  the  back 
end  of  its  stroke.    Instead  of  V%  we  can  put  Fx^  and  have  then, 

L,  =  %m^Fxp^  log  ^, 
80  that  the  effective  delivery  per  stroke  is 


-  ±d026Tp,  log  ^]  • 
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If  there  are  n  strokes  per  minute,  the  delivery  per  second  in 
horse-powers  is 

J^=  60^ -^[«^  +  «^  ^1^  +  «^  (i'-l>o)  -  2.302635^  log|], 

where  p^  p,  eta,  are  expressed  in  kilograms.    If  we  express  the 
pressures  in  atmospheres,  we  have 


or 


JV  =  2.296i^i  ftopi  +  wi  P'^P  +  w» (p-po) 

-  2.3026irpj  log  ^j    ....    (LXXIL) 


EXAMPLE. 

For  the  engine  already  discnssed,  F  =  0.0957  sq.  meters,  and  n»  on  an  aTer- 
age,  was  97.  If  the  distances  to^w^,  etc.,  traversed  by  the  working  piston,  are 
taken  from  the  diagram,  we  have  w  =  O.OO*" ,  ur,  =  0.115,  and  «;,  =  about  0.06'"- 
What  is  N,  when  we  take  j>3  =  1.71,  and  jpo  =  0.97  atmospheres  ? 

Since  the  least  volume  v^  =  0.02125  cubic  meters,  x  =r  0.222™-,  hoice 

Nzn  2.296  X  0.0957  x  97  fo.OO  x  1.71  +  0.115  ^''^J^  ^  +  0.06  x  0.08  -  2.9026 


X  0.222  X  1682  log  1.682], 


N=  21.814  [0.1026  +  0.1558  +  0.0018  -  0.1941] 
=  21.814  X  0.0661  =  1.4088  horse-power. 

A  mean  of  several  experiments  with  the  friction  brake  gave 
the  actual  delivery  73.8  meter-kilograms,  or  -=^-  =  0.984  horse- 
power, so  that  the  efficiency  is  about  ^  *  =  0.69.  Accord- 
ing to  Eckerth,  who  reckoned  the  theoretical  delivery  from 
diagrams,  the  efficiency  was  about  0.66.  Both  seem  somewhat 
too  greai  For  a  i  horse-power  caloric  engine  of  Ericsson,  the 
efficiency,  according  to  experiments  by  the  author  (Dingler's 
Pdytechn,  Journal,  Bd.  clxxix.)  was  OM,  a  result  with  which 
Tresoa*s  experiments  closely  agreed.    It  does  not  seem  likely 
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that  the  efficiency  of  the  present  construction  is  greater  by  26 
to  29  per  cent 

The  above  formolsB  for  the  calculation  of  the  power  of  a 
Lehmaim  engine  may.  according  to  the  determinationa  and 
idews  of  the  author,  be  replaced,  as  long  as  the  proportions 
are  unchanged,  by  the  following  simple  formula : 

( 

L^  =  0.163  if^  —  i%)Q  meter-kilograms, 

where  £«  is  the  delivery  per  second,  n  the  number  of  revolu- 
tions per  minute,  ^  the  highest  and  ^  the  lowest  temperatures 
of  the  inclosed  air,  and  G  the  weight  of  air.  This  last  can  be 
easily  calculated  from  (1).  We  have  thus  G  =  0.02784  kilo- 
grams. This  formula  rests  upon  similar  reasoning  to  that  on 
page  222. 

Eckerth  states  that  the  machine  required  13.5  cubic  feet,  or 
a  weight  of  426.4  kilograms  of  cooling  water.  This  was  fur- 
nished by  a  small  pump  worked  by  the  engine,  and  forced  into 
the  cold  space,  from  whence,  after  being  heated,  it  flowed  back 
to  the  reservoir.  In  2  hours  this  water  showed  an  increase  of 
61  -  35  =  26°,  or  13°  per  hour.  The  heat  absorbed  by  the 
water  was  hence 

426.4  X  13  =  5643.2  heat  units  per  hour. 

The  hourly  delivery  was 

73.8  X  60  X  60  =  265680  meter-kilograms, 

corresponding  to  —jnj—  =  626.6  heat  units. 

Hence  the  heat  units  per  hour  imparted  to  the  air  are 

5543.2  +  626.6  =  6170. 

The  ratio  of  the  heat  transformed  into  work  to  that  absorbed 
by  the  cooling  water  is  therefore 

55^:2  -  ^•"^' 
The  engine  required  per  hour  4.585  kilograms  of  coal,  whose 
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heating  valne  was  estimated  at  8,500  heat  units, 
nished  therefore 

4585  X  3500  heat  units. 


The  ooal  fur- 


Since  only  626.6  units  were  utilized,  the  ratio  of  the  heat 
transformed  into  mechanical  work  to  that  furnished  by  the  coal, 
or  the  thermal  effed^  is 


626.6 


4585  X  3500 


=  0.039,  or  about  4  per  cent 


The  efficiency  of  the  furnace  was 

6170 
4585  X  3500 


=  0.38. 


The  difference  in  temperature  of  the  cooling  water  at  en- 
trance and  exit  was,  while  the  engine  was  working  at  about  1 
horse-power,  about  constant  and  9°  Centigrade. 

The  heat  units  per  hour  imparted  to  the  water  was,  as  above, 
5543.2,  hence  per  minute  92.39.  The  amount  of  water  used  per 
minute  is  then 


92.39 


=  10.266  kilograms  =  10.266  cubic  decimeters. 


The  diameter  of  the  pump,  as  also  its  stroke,  was  about  2 
inches. 

The  following  table,  taken  also  from  the  Vtertdjakresschri/ly 
gives  a  comparison  between  the  hot-air  engines  of  Ericsson, 
Laubereau,  and  Lehmann : 


System.        Working 
Piston. 


Diameter  of    Usef al  Delivery 


per 
Second. 


Laubereau.  .0.842  m.       0.8 


Lehmann .  .0.289  m. 


Consunptlon  of       Cooling  Water  per 
Bfficiency.     Fuel  per  Horse-        Horse-power  per 
power  per  Hour.  Hoar. 


Ericsson. ...0.414  m.        1.77  H.  P.       0.46 


0.40 


4.13  kil.  of  ooal 
of  heating 
value  7,000- 
7,500. 

4.5-^  kil.  coke  20-80  cubic  feet 

o  f      heating  for  a  rise  of 

power  7, 000-  tern  perature 

7,500.  of  17^ 


0.66  (?)  4.6    kil.    hard  9}  cub.  ft  for 

coal  of  heat-  rise  of  tern- 

ing   power  peratuie     of 

about  8, 500.  26\ 
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According  to  the^views  of  the  author,  the  engines  described 
are  especially  saited  for  the  lesser  industries.  They  are,  for 
reasons  cited,  more  durable  than  Laubereau*s,  and  the  annoy- 
ing pounding  of  Ericsson's  is  entirely  avoided.  Moreover,  the 
consumption  of  fuel,  as  shown  in  the  table,  is  only  the  half  of 
that  for  the  other  two  systems.  In  this  respect  it  is  as  econo* 
mical  as  the  best  steam  engines. 

Caloric  engines  are  also  perfectly  free  from  danger,  and  their 
attendance  and  management  is  much  simpler  than  for  the  steam 
engine. 


CHAPTEB  XL 

GAS  ENGINES,  ESPECIALLY  THOSE  OF  OTTO  AND  LANGEK. 

Almost  at  the  same  time  as  the  introdaction  of  the  Ericsson 
engine  in  Europe,  the  gas  engine  was  invented  by  Lenoir  in 
Paris.  Let  us  consider  the  circumstances  which  gave  rise  to 
the  idea. 

It  is  known  that  when  the  electric  spark  is  led  through  a  mix- 
ture of  air  and  hydrogen,  there  is  a  combustion  of  the  latter  as 
it  unites  with  a  part  of  the  oxygen  of  the  air  to  form  steam.  By 
this  combustion  the  air,  as  well  as  the  products  of  combustion, 
are  heated,  and,  if  the  sides  of  the  containing  vessel  are  mov- 
able, there  will  be  expansion  and  increase  of  volume ;  if  not, 
there  will  be  a  considerable  increase  of  pressure.  The  same  is 
the  case  when  gas  is  kindled.  Such  facts,  which  were  un- 
doubtedly known  to  Lenoir,  may  have  suggested  to  him  the 
gas  engine. 

This  machine  is  of  simple  construction,  and  in  exterior  ap- 
pearance very  similar  to  a  steam  engine  with  horizontal  cylinder. 
The  principal  part  is  thus  a  hollow  cylinder  closed  at  both  ends, 
in  which  moves  an  air-tight  piston.  This  is  connected  by  means 
of  piston  and  connecting-rods  with  the  crank  of  a  fly-wheel,  from 
which  by  a  belt  the  power  can  be  taken  otL 

Let  the  piston  be  at  the  right  end  of  its  stroke.  By  turning 
the  fly-wheel  it  moves  from  right  to  left  While  it  moves  in 
this  direction,  a  mixture  of  illuminating  gas  or  of  hydrogen 
and  air  enters  through  a  slide  valve,  worked  of  course  by  the 
engine.  When  a  certain  quantity  of  this  mixture  has  entered, 
the  slide,  shuts  in  the  mixture  in  the  cylinder,  and  at  this 
moment  a  spark  from  an  induction  coil  kindles  the  gas  and 
causes  an  increase  of  pressure.  This  drives  the  piston  to  the 
other  end  of  its  stroke.    Arrived  at  the  left  end,  a  second  slide 
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allows  the  prodnots  of  combustion,  together  with  the  accom- 
panying air,  to  escape,  while  the  fly-wheel,  by  reason  of  its  liv- 
iiig  force,  goes  on  and  moves  the  piston  in  the  opposite  direc- 
tion, from  left  to  right  While  it  moves  in  this  direction  the 
mixture  again  enters,  and  is  kindled  as  before,  and  thus  the 
piston  is  driven  toward  the  right. 

The  action  is  therefore  very  similar  to  that  of  a  non-condens- 
ing expansion  steam  engine.  But  while  the  greatest  work  is 
performed  by  the  entering  steam,  the  work  of  the  entering  g#s 
mixture  is  here  zero.  During  this  interval  the  friction  of  the 
engine  and  the  resistances  must  be  overcome  by  the  living  force 
of  the  fly-wheeL 

As  the  explosion  of  the  gas  is  instantaneous,  the  increase  of 
pressure  is  also  immediate.  But  since  the  piston  can  only 
gradually  yield,  there  is  at  the  moment  of  firing  a  shock  which 
is  not  only  hurtful  to  the  moving  parts,  but  which  cannot  con- 
tribute to  the  motion  of  the  piston  or  the  performance  of  work. 
Hence  an  amount  of  heat  corresponding  to  this  impact  is  ab* 
stracted  from  the  gas  and  transferred  to  the  cylinder  and  pis- 
ton. These  parts  would  soon  become  very  hot  if  heat  were  not 
abstracted.  The  cylinder  is  therefore  surrounded  with  a  jacket 
filled  with  cold  water.  In  this  way  the  temperature  of  the 
cylinder  sides  is  kept  down  to  80°  or  90°.  It  is,  however,  evident 
that  the  performance  can  by  no  means  be  as  great  as  the  con* 
sumption  of  gas  would  warrant. 

This  objection  to  the  Lenoir  engine,  viz.,  that  a  laj^e  part  of 
the  power  is  lost  by  impact,  and  yet,  in  spite  of  cooling,  the 
piston  and  stuffing  boxes,  etc,  are  considerably  heated,  has  been 
met  by  Otto  and  Langen,  of  Cologne,  in  a  very  ingenious  way, 
and  thus  a  machine  produced  whose  power  for  the  same  gas 
consumption  is  much  greater.  We  shall  discuss  it  more  at 
length  later  on. 

In  order  to  diminish  the  heat,  Hugon  introduced  with  the 
gas  a  quantity  of  water,  which  absorbed  in  vaporizing  consid- 
erable heat.  The  expansive  force  is  thus  indeed  somewhat 
diminished,  but  the  moving  parts  suffer  less,  and  the  machine 
requires  less  repair  and  is  more  durable. 

In  Qermany  the  Lenoir  gas  engine  has  dropped  out  of  sight, 
although  in  the  beginning  various  establishments  sought  its 
improvement,  and  not  indeed  without  practical  results.     In 
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France,  however,  especially  in  Paris,  it  has  been  applied  in 
the  building  of  houses  to  the  raising  of  building  materials,  and 
in  England  also  it  has  been  used  for  stone  sawing,  polishing, 
pumping,  printing,  etc 

Gas  engines  are,  as  is  evident  from  the  foregoing,  properly 
nothing  more  than  hot-air  engines  with  inner  fire.  But  while 
in  the  latter  the  air  is  heated  by  coal  or  coke,  in  the  former 
it  is  heated  by  the  combustion  of  illuminating  or  hydrogen  gas, 
kmdled  either  by  an  electric  spark  as  in  Lenoir's  engine,  or  by 
a  gas  jet  as  in  Langen's  and  Hugon's.  The  calculation  of  the 
delivery  of  these  engines  is  therefore  similar  to  that  for  hot- 
air  engines.  Before  we  pass  on  to  it  we  shall  give  a  few  gen- 
eral considerations  which  find  their  application  in  all  gas  en- 
gines, and  which  we  borrow  in  large  part  from  the  work  of 
Prof.  Grashof — "JResuUate  der  Meohanischen  Wdrmetheorie," — 
upon  which  we  shall  base  our  future  calculations. 

The  degree  of  heating  of  the  air  in  a  gas  engine  depends 
evidently  upon  the  ratio  of  illuminating  gas  and  atmospheric 
air  in  the  mixture,,  as  also  upon  the  composition  of  the  gas. 
The  illuminating  gas  is  a  mixture  of  several  others,  more  espe- 
cially the  following :  1,  bicarbureted  hydrogen  or  olefiant  gas ; 
2,  carbureted  hydrogen  or  fire-damp ;  3,  hydrogen ;  4,  carbonic 
oxide ;  and  5,  nitrogen.  While  the  two  first  are  combinations  of 
carbon  with  hydrc^en,  the  carbonic  oxide  consists  of  carbon 
and  oxygen.  During  complete  cojnbustion,  the  carbon  forms 
with  the  oxygen  in  the  air  carbonic  acid,  while  the  hydrogen 
and  oxygen  unite  to  form  steam.  These  products  are  there- 
fore, after  the  combustion,  mixed  with  the  heated  air. 

One  cubic  meter  of  illuminating  gas  (especially,  from  hard 
coal)  consists  on  the  average  of 

0.42  cubic  meters  of  carbureted  hydrogen  gas  (CH,), 

0.08        "  "        bicarbureted     "  "    (CaH^), 

0.40        "  "        hydrogen, 

0.07        "  .  "        carbonic  oxide,  and 

0.03        "  «        nitrogen. 

The  weight  of  this  cubic  meter  at  0.76  meters  of  barometer 
and  15°  C.  is 

^0  =  0.535  kilograms. 
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while  that  of  1  cubic  meter  of  air  under  the  same  ciroum- 
stances  is 

8q  =  1.225  kilograms. 

The  density  of  the  ga^  is  therefore 

1  kHogrcem  of  gas  gives,  by  complete  combustion, 

Ki  =  10430  heat  units, 

and  1  cubic  meter  of  gas  therefore  gives 

K  =  SoKi  =  0.535  X  10430  =  6580  heat  units- 

The  weight  of  air  required  for  the  complete  combustion  of 
1  kilogram  of  gas  is 

Li  =  145  kilograms, 

and  1  cubic  meter  of  gas  requires  for  complete  combustion  an 
air  volume, 

^  ^  A^o  ^  145x0535  ^  g^3  ^^.^  ^^^^^ 
8o  1.225 

If  we  mix  1  cubic  meter  of  gas  with  a  cubic  meters  of  air, 
the  weight  of  1  cubic  m^ter  of  the  mixture  is  evidently 

1.225a  +  0.535  , ., 

8  = = kilograms. 

a  +  1  ^ 

For  example,  for  a  =  10 

12.25  +  0.535     ,,^oTi 
s  = ^  =  1.162  kilograms. 

The  density  of  the  mixture  is  then 

,  ^  g  _  1.225a  +  0.535  _  1.225  (a  +  0.4367)  _  a  +  0.4367 
8o       1.225  (a  +  1)  ""       1.225  (a  +  1)       ""      a  +  1     * 

For  the  preceding  example 

d^^^^  =  0.9488, 
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After  complete  combuBtion  of  the  gas,  the  density  of  the  re- 
sulting mixture  of  carbonic  acid,  steam,  nitrogen,  and  air  at 
15"  0.  is 

7)  _  a  +  0.48 
^  "a +  0.83' 

Sijnce  here  the  numerator  is  greater  and  the  denominator  less 
than  in  the  preceding  expression  for  d,  the  density  has  in- 
creased. 

For  example,  for  a  =  10  we  have 

_  lOj*.  0.^  __  10.48  _  ^  ^ 
^""     10.83     "  10.83  """•^^'^' 

while  before  combustion  it  was  0.9488. 
In  general,  then,  the  increase  of  density  is 

D  ^     (g  +  0.48)  (g  +  1)      _     a^  +  1.48a  +  0.48 
d      (g  +  0.83)  (g  +  0.4367)  ""  g»  +  1.2667a  +  0.3625 ' 

Forg=     8,        10,       12,       i4,        we  have 
~  =  1.024,  1.020,  1.017,  1.014. 


The  specific  heat  of  the  mixture  ii 

for  constant  volume 

_  0.1684a  +  0.286 
^"        g  +  0.48       ' 

ft 

/or  constant  pressure 

_  0.2375a  +  0.343 
**"        O  +  0.48       ' 

* 

Let  us  seek  now  how  many  heat  units  are  imparted  to  each 
kilogram  of  the  mixture  of  a  +  1  cubic  meters  when  the  gas  is 
kindled. 

From  experiments  we  can  conclude*  that  during  combustion 
about  i  to  ^  of  the  heat  is  conducted  away  by  the  cooling 
.  water,  and  therefore  only  |  to  f  of  the  gas  is  used  for  the  heat- 
ing of  the  air. 

If  we  assume  generally  that  the  ath  portion  of  1  cubic  meter 
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of  gas  famishes  the  heat  required  for  the  increase  of  expansion, 
this  last  is 

ak  heat  units. 

This  is  distributed  over  (a  +  1)  cubic  meters  weighing  {a +  1)8 
kilograms.    Hence  each  kilogram  contains 

heat  units. 


(a  +  1)8 

If  now,  originallj,  the  absolute  temperature  of  the  gas  mix- 
ture is  Tq,  and  immediately  after  firing  T^^  we  have 


c  (a  +  1) «  * 

If  we  denote  further,  the  original  pressure  at  7o°  by  p^  (kilo- 
grams per  square  meter),  and  that  after  the  firing  by  j9i,  we 
should  have,  if  there  were  no  increascrof  density, 

A  =  ^. 

Since,  however,  the  mixture  is  increased  in  density,  in  the 
ratio  of  i>  to  d,  we  have 


dp,      T,' 


or  putting  A  for  ^ 


1      r, 


EXAMPLE. 

Aocoiding  to  the  experimetits  of  Tresca,  there  were  mixed  in  a  Lenoir  gas 
engine,  on  the  aTerage,  18  parts  of  air  with  1  part  of  illuminating  gas.  What 
is— 1,  the  specific  heat  Ce  for  constant  volume  ;  2,  the  increase  of  temperature 
Tx  —  TqX  and  3,  what  is  the  expansiye  force  of  the  mixture  after  firing  7 
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We  have  in  our  formoliB  a  =r  18,  hence 

^       0.1684  X  18  +  0.286     „^--- 
*•  = 18  +  0.48 =  °'^^- 

If  we  take  a  =  }, 

T  ^T  -t   -i   -  — t  X  ^^^  _  loftio 

J  ,      ^0  _  f,       j„  _  ^^g^    ^^g^  ^  ^ 4.0.586  ~  • 

If  we  take  To  =  273  +  IS**  =  288%  we  hare 

r,  =  1281  +  288  =  1519% 


For  a  =  18 


n   _  -P  _      Ig'  +  1'-^  X  18  +  0.48      _ 

■^'  ~  d  "  18«  -h  1.2667  X  18  +  0.8625  ""      "*• 


Hence  the  pressure  after  firing  is 

1         1519 
^^  "  1016  ^  -288"  =5-^^**°^^^®'*®' 

if  jio  is  1  atmosphere. 

Delivery  and  Oas  Consumption  of  the  Lenoir  Engine, — ^The  gas 
behind  the  piston  of  this  engine  drives  it  forward  after  firing, 
by  reason  of  its  increased  tension,  and  thus  performs  worL  If 
the  cylinder  were  not  surrounded  by  cold  water,  and  the  gas 
could  therefore  expand  adiabatically,  and  if  we  had  to  do  only 
with  atmospheric  air,  we  should  have 

Since,  however,  heat  is  abstracted  during  expansion,  and  since, 
also,  the  value  of  k  (1.41),  or  the  number  by  which  the  specific 
heat  of  air  at  constant  volume  must  be  multiplied  in  order  to 
obtain  that  at  constant  pressure,  is  also  different,  because  we 
have  to  do  with  a  mixture  of  air,  carbonic  acid,  steam,  etc.,  the 
law  of  change  of  p  and  v  cannot  be  represented  by  this  ex- 
pression.   It  can,  however,  be  given  by  the  general  expression 

ptn^n  _-  pm^n      (page  195). 

For  this  case  the  specific  heat,  under  the  assumption  that 
we  have  to  do  with  air,  is 

mk  —  n 
m  —  n    ' 

where  therefore  k  =  1.41  and  c„  =  0.1684. 
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Now  we  have  found  in  the  present  case,  for  c^  the  value 
+048 ^       a  =  13  this  gives  c  =  0.1836)  and  for  the 

specific  heat  for  constant  pressure  or  Cp  we  have  .  a  aq      » 

hence 

2,  -  ^  -  0-2375a  +  0.343  _  ^  qq^ 
c, ""  0.1684a  +  0.286  "    "^^^ 

The  specific  heat  for  the  law 
is  therefore,  in  our  case, 


m  —  n  m^  n 


We  can  now  find  the  delivery  during  expansion  by  the  for- 
mula 


m  — m 


^=ir^^''.['-(T)"] 

if  F^  is  the  volume  of  the  mixture  before,  and  V  that  after  the 
expansion,  or  at  the  end  of  the  stroke  of  the  piston. 

If,  now,  the  cross-section  of  the  cylinder  or.the  area  of  the 
piston  is  F  sq.  meters,  the  entire  stroke  of  the  piston  «,  and 
the  distance  passed  over  during  entrance  of  the  gas  CiS^  where 
therefore  e,  is  a  proper  fraction,  we  have 

Fi  _  Fe,8  _ 
F"  Fs  ■~^• 

The  value  of  e^  we  call  the  "  degree  offJV* 
If  we  insert  it  in  the  above  formula  we  have 


n—tn 


or 


L-      ^     p^FeyS  fl  ~  ei  "*   "I 

n 
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The  work  of  the  baok  pressure  of  the  air  is 

i^?\)  («  -  Ci«)  =  i^  (1  -  ei). 

Hence  the  effectiYe  deliyery  per  stroke  is 


n 
m 


^^C^^^i^--^^!-*^] 


If  there  are  u  revolntions  per  minnte,  we  have  for  the  de- 
livery per  second 

n 

A=  ^  Fa  rmp,^^^-i?o(l  -ei)]  meter-kils. .  (LXXHX) 

If  we  denote  the  efficiency  by  y,  we  have  for  the  actual  or 
useful  delivery  per  second 


n 
m 


^""^^  ^  ^*  r^-P^^"w»  "-P^^^""^)!  meter-kilograma 
If  we  put 


n 
m 


we  have 

'    Lu  =  uFsl  meter-kilograms. 

If  the  horse-power  corresponding  is  N^  we  have 

N^^""-^^ (LXXy.) 

The  consumption  of  gas  per  revolution  is  found  from  the 
proportion 

a+ 1  :l  =  2jPei«:a;    or    cd= — %r. 

a  +  i 

The  consumption  per  second  is  then 

uFejS 
80(a  +  l)' 
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Hence  the  gas  oonsiunption  for  each  horse-power  per  sec- 
ond is 

uFe^s 
30(a-hl)2V^' 

and  per  horse-power  per  hour 

V2QuFe^8 

Snbstitatdng  the  value  of  ^ 


O  = 5  T  cubic  meters .    .    (LXXYI.) 

a  +  1  Z 


According  to  Qrashof,  the  above  formulse  give  results  agree- 
ing well  with  experiment,  when  we  put  m  =  1  and  n  =  2.  Hence 
the  law  of  pressure  variation  is  given  by  the  simple  equation 


pi^-piv^^ 


•  •  ■  ■ 


The  curve  representing  this  law  approaches  the  axis  of  ab- 
scissas more  rapidly  than  the  adiabatic  (page  194).  If  we  insert 
these  values  of  m  and  n  in  Equation  LXXIY.,  we  have 

?  =  g^  [Pi  (ci  -  ei^  -JPb(l  -  ei)], 

or  putting  p^  =  10334, 

Z=  844.4^^(1  -  ei)  (^e,  -  l)  .    (LXXVIL) 

If  we  determine,  according  to  this  formula,  the  value  of  I  for 
different  values  of  ei,  and  then  find  the  corresponding  values  of 
Gj  it  will  appear  that  only  for  a  certain  value  of  e^  will  the 
economy,  or  the  ratio  of  the  delivery  to  the  consumption  of  gas, 
be  a  maximum. 

Thus  for  a  =  13,  we  have,  as  already  found, 

^  =  5.19. 
19 
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The  efficiency  y  is  on  the  average  0.67.  If  we  take  it  at  0.65, 
we  have,  patting  for  e^  the  yalues 

ei=0.40  0.46  0.60  0.66  0.60, 

forZ 
Z=  122.4         139.1         161.1         158.1  160.2, 

and  for  O 
(7  =  2.12  2.08  2.13  2.24  2-41. 

Hence  we  see  that  the  economy  is  greatest  for  e^  about  0.50. 
Under  the  above  assumptions,  then,  the  cylinder  must  be  half 
filled  with  the  mixture  before  it  is  fired. 

Example  1. — ^What  is  the  delivery  of  a  gas  eng^e,  the  diameter  of  cjlinder 
being  2  decimeters,  and  stroke  4  decimeters,  when  e^  =  O.ISO,  and  the  nomber  u 
of  rsTolutions  per  minute  is  60,  the  efficiency  being  taken  at  0.25  ? 

The  cross-section  of  the  cylinder,  or  the  area  F  of  the  piston,  is 

F=  8.1416  X  (0.1)*  =  0.0814  sq.  meteis. 

Since  in  the  present  case 

I  =  151.1, 

we  have  ioi  N 

--     60  X  0.0814  X  0.4  x  151.1      .  ^«  , 

Jy  = == =  1.52  horse-power. 

The  gas  consumption  per  hour  would  therefore  be 

1.52  X  2.18  =  8.2876  cubic  meters. 

Example  2. — ^What  must  be  the  volume  of  the  cylinder  of  a  two-horse-power 
engine,  which  makes  70  revolutions  per  minute,  when  e^,  or  the  coefficient  of  All, 
and  y,  or  the  efficiency,  are  both  0.55  ? 

From  the  formula  N  =  —nK- >  ^®  ^^^ 

75JV 
Fb  =  --J-  .    In  the  present  case,  I  =  158.1,  henoe 

-^*  =  TOlTMl  =  11067  =  ^-^^^^ '^''^^  ""^^^^ 

QuaMiiy  of  Coding  Water. — ^It  remains  now  to  calculate  the 
amount  of  heat  which  must  be  abstracted  from  the  cylinder 
for  eyery  cubic  meter  of  gas  used. 
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We  assume  that  directly  upon  firing,  so  much  heat  is  at  once 

abstracted  as  is  contained  by  1  —  a  cubic  meters  of  gas.    This 

heat  is 

(1  —  Of)  i  heat  units.   ♦ 

If  we  put  Of  =  f ,  we  have 

i  X  5580  =  1860  heat  units. 

Heat  is  now  abstracted  from  the  gas  mixture  during  expan- 
sion, since  the  law  of  pressure  variation  is  given  by 

In  order  to  find  this  heat,  we  must  first  determine  the  tem- 
perature at  the  end  of  expansion  or  at  the  end  of  the  stroke. 
This,  as  well  as 'the  final  pressure,  can  be  easily  found. 

Denote  the  last  by  ^,  then,  according  to  our  law, 


,.=ft(-^)'=i.^'. 


If,  for  example,  e^  =  0.50,  then 

p  =  5.19  (0.50)*  =  5.19  X  }  =  1.297  atmospheres. 

The  temperature  T  corresponding  to  this  pressure  is  found 
from 


T  _  fVi\  «•    _ 


Since  T^  =  1519  (page  286),  we  have 

T=  1519  X  0.60  =  769.5°    or 
t  =  759.5  -  273  =  486.5°. 
If  we  take  ei  =  0.45,  we  have 

p  =  6.19  (0.45)»  =  6.19  X  0.2025  =  1.051  atmospheres, 
and  the  absolute  temperature  T  at  the  end  of  stroke  is 

T=  1519  X  0.46  =  683.6°    or 
t  =  683.6  -  273  =  410.6°. 
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We  see,  therefore,  that  even  at  the  end  of  expansion,  and  in 
spite  of  the  withdrawal  of  heat  by  the  cooling  water,  the  tem- 
perature of  the  gas  mixture  is  still  considerable,  and  hence  that 
in  course  of  time  the  engine  may  suffer  injury. 

The  heat  abstracted  during  expansion  is  found  as  follows : 
From  a  previous  formula,  the  heat  abstracted  for  1  kilogram 
of  air  is 

In  our  present  case,  where  &  =  1.386,  m  =  1,  n  =  2,  and 
c  =  0.1836,  we  have 

Q  =  ^'^J^  ^  X  0.1836  {Ti  -  r)  =  0.1127  (Ti-  T). 

For  ei  =  0.50,  we  found  T  =  759.5,  hence 

Q  =  0.1127  (1519  -  760)  =  85.5  heat  units. 

The  gas  mixture  of  a  +  1  cubic  meter  weighs 

1.225a  +  0.535  kilograms, 

or  since  we  have  taken  a  =  13,  16.46  kilograms.  Hence  the 
heat  abstracted  during  expansion  from  each  cubic  meter  of 
mixture  is 

85.5  X  16.46  =  1407  heat  units. 

After  the  exhaust  valve  is  opened,  the  pressure  fcdls  rapidly 
from  j!)  to  thai  of  the  atmosphere  ^o,  and  that  portion  of  the  heat 
disappears  which  went  to  increase  the  rectilinear  motion  of  the 
gas  molecules.  The  mixture  then  flows  out  under  the  constant 
pressure^ 

If,  disregarding  this  loss  of  heat,  we  allow  the  gas  at  the 
absolute  temperature  T^  =  273  +  150  =  423^  to  issue  under 
constant  pressure  po,  we  must  abstract 

(1.225a  +  0.535)  01(^-^2)  heat  units. 

Since  Ci  =  0.2545,  and  T  in  our  example  is  759.5  or  760,  we 
have 

16.46  X  0.2545  x  337  =  1414  heat  units. 
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Hence  the  entire  heat  abstracted  is 

1860  +  1407  4- 1414  =  4681  heat  units. 

Since  a  one-horse-power  gas  engine,  with  coefficient  of  fill  of 
0.50,  requires  per  hour  2.13  cubic  meters  gas,  the  heat  ab- 
stracted is 

4681  X  2.13  =  9970  heat  units. 

If  the  cooling  water  is  heated  50°,  say  from  10°  to  60*^,  we 
haye  for  the  weight  of  water  W  which  must  circulate  per  hour 
around  the  cylinder, 

50^=9970    or     ^=  199.5  kilograms. 

This  weight  is,  however,  too  great,  as  we  disregard,  aa  above 
remarked,  that  heat  which  disappears  suddenly  when  the  ex- 
haust valve  opens. 

HugorCs  Bngine. — ^In  this  the  heating  of  the  gas  mixture  is  less, 
by  reason  of  the  cold  water  injected  into  the  cylinder,  than  in 
the  Lenoir  engine,  and  the  piston  packing  suffers  less.  Ac- 
cording to  Grashof,  we  have  here  for  I  (page  288), 

Z  =  344.4y[7.21(ci-0-l  +  «i]    •    •    (LXXYHL) 

where  y  can  be  taken  at  0.55. 

If  a  =  13,  and  the  weight  of  water  injected  per  cubic  meter 
of  gas  used  is  2  kilograms,  we  have,  according  to  the  same 

author,  —  =  4.33,  and  in  the  expression  which  gives  the  law  of 
Po 

variation  of  pressure,  we  have  n  =  L6. 


For  e  =     0.4 

0.45 

0.5 

0.55 

I   =117.4 

129.8 

137.6 

141.2 

and  (7  =     2.19 

2.23 

2.34 

2.50  cubic  meters. 

The  gas  jets  for  firing  require  about  0.25  cubic  meters  of  gas 
per  hour  additionaL 

From  the  values  of  I  we  can  find  the  delivery  by  the  same 

formula  as  before, 

,7-     uFsl , 

iv  =  -17^-  horse-power. 
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Descrivtim  of  the  Atmospheric  Gob  En^ne.-Ti^  engiiw  i^ 

was  iustly  awarded  tl^J^^J^  ^^^^^.^  C  lerooJi.  a 
tion  in  Paxis.  l^fT-  J^  C'^^  teges  coimected  witii  the 
very  -ge^^T^^^^  H^ot^d  th^  essential  principles  of 
engmes  oi  I^e^^"  ^J  f^^^^  ^^^ts  of  scientific  in.estig^ 

the  machine  Ate  oasea  upuu  w**  •   •  ^  ^*  4.1,^  anchor  leaves 

tion.    Theconst;&»l^al80.intheopuuonoftheauthor.leaTe8 

^'*?t«  ™tntTth^^inventor  has  happily  overcome  ^e 
The  manner  in  which  Slli^  ^^^  ^^^^  j^^  y^  own.words 

defects  of  the  older  gas  engine        .  . 

(Dingier' s  Fdyt.  Journal^  Bd.  cl^\\j^ixtures  in  a  confined 

"By  the  combustion  of  explosive-N^^^^  y^y  ^^  beatdis- 
space,  the  products  of  combustion  are  hSihl  .  4.^  expand,  which, 
engaged,  and  in  consequence  have  a  tendency%u  ^^^  inclosing 
when  prevented,  gives  rise  to  a  pressure  uponS^^^gguje  ex- 
walls  corresponding  to  the  temperature.  This  pr 
ists  so  long  as  the  combustion  products  lose  no  heat. 

"  If  they  are  cooled,  they  contract  under  the  pressure' 
atmosphere,  which  directly  or  indirectly  surrounds  them/ 

"  If  it  is  wished  to  utilize  the  pressure  as  a  motive 
the  question    arises,  what  time  elapses  between  the 
ing  and  cooling,  between  the  expansion  and  contraction  of  th! 
gases. 

"  This  time  is  known  to  be  very  short,  and  we  lose  a  portion 
of  the  heat  generated  by  combustion,  by  conduction  and  radia- 
tion through  the  cylinder  sides,  when  we  endeavor  to  utilize 
the  expansion  of  the  heated  gases,  if  we  do  not  allow  them  to 
expand  quickly  after  the  combustion.  This  loss  of  heat  corre- 
sponds, of  course,  to  the  loss  of  a  portion  of  motive  power. 

"  I^  we  conceive  an  engine  as  ordinarily  constructed,  that  is, 
with  piston  connected  by  connecting-rod  and  crank  with  a  fly- 
wheel, we  shall  have  opposed  to  the  explosion  in  the  cylinder, 
back  of  the  piston,  not  only  the  useful  work,  but  also  the  mass 
of  the  entire  system.  Such  an  engine  must  work  with  enor- 
mous velocity,  and  the  action  must  be  an  impulsive  one,  and 
since  the  moving  masses  can  never  take  an  acceleration  corre- 
sponding to  the  intensity  of  the  explosion,  the  heat  not  utilized 
must  heat  considerably  the  inclosing  walls  of  the  cylinder. 

''Guided  by  such  considerations,  we  have  adopted  in  the 
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oonstmction  of  our  en- 
gine the  principle  that 
a  direct  utilization  of 
the  ezplosivd  force 
must  be  discarded. 

"  On  the  contrary,  we 
utilize  the  heat  set  free 
hy  the  explo8ioD,by  op- 
posing  to  the  expansion 
of  the  products  of  com- 
bustion but  very  slight 
resistance,  and  by  em- 
ploying, as  the  motive 
power,  the  contractile 
action.  Thas  the  gases, 
as  soon  as  they  have 
lost  their  heat,  and 
hence  their  tension,  are 
compressed  by  the 
pressure  of  the  atmos- 
phere to  that  Tolmne 
which,  after  cooling, 
corresponds  to  their 
temperature  and  chem- 
ical constitution. 

"  With  these  pre- 
liminary remarks  we 
can  now  explain  more 
in  detail  the  constmc- 
tion  and  action  of  the 
engine. 

"  We  shall  make  use 
for  this  purpose  of 
Figs.  46  to  54  Fig.  45 
is  a  vertical  section,  and 
Fig.  46  gives  a  vertical 
projection  and  other 
details  of  construction. 

"A  is  a  cast-iron  cyl- 
inder, with    two    air- 
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tight  screw  coyers  B  and  Bi.  This  cylinder  is  snrronnded  up 
to  about  ^d  of  its  height  with  a  double  wall,  the  space  between, 
as  well  as  between^  and  ^i,  being  filled  with  cold  water,  which 
serves  to  cool  the  cylinder  walls.  This  water  is  brought  from 
a  reservoir,  not  shown  in  our  Figure,  through  the  pipe  r,  and 
the  warm  water  carried  off  through  ri.  This  simpHe  circulation 
of  the  water  is  sufficient,  in  order  to  keep  the  cylinder  jacket 
always  at  a  low  temperature,  without  any  renewal  of  the  cooling 
water  being  necessary. 

^^R  is  a  metal  piston,  which  can  move  air  tight  up  and  down 
in  the  cylinder.  At  every  firing  of  the  gas  mixture  this  is  shot 
up  the  cylinder.  Thus  the  mixture  expands  suddenly  and  cools 
Tery  quickly,  so  that  its  tension  falls  far  below  that  of  the  at- 
mosphere, and  the  piston  is  driven  down  by  the  outer  air  press- 
ure. This  last  motion  is  that  which  is  transferred  to  the  en- 
gine and  utilized.     The  transference  is  effected  as  follows : 

*^  The  piston  K  is  fastened  to  a  toothed  rod  JETi,  which  ends 
above  in  a  cross-head  T  (Figs.  45  and  46),  moving  up  and  down 
vertically  in  guides  F^  F^  only  partly  shown.  Thus  the  vertical 
motion  of  the  piston  is  insured. 

"  The  cylinder  plate  carries  two  pair  of  standards,  of  which 
only  one  pair  A  A  are  visible  in  our  Figure.  These  support  the 
shs^  W,  which  carries  on  the  left  the  fly-wheel  By  and  on  the 
right  the  belt  pulley  P.  At  the  middle 
of  the  shaft  the  disc  8  is  keyed,  a  cross- 
section  of  which  is  given  in  Fig.  47. 
Upon  the  prolonged  bars  of  this  disc  are 
two  loose  discs  8i  8^  between  which  a  — 
crown-wheel  is  fastened  by  means  of  four 
bolts  which  may  be  seen  in  Fig.  45.  The 
teeth  of  the  piston-rod  Ki  engage  with 
the  teeth  of  this  crown- wheeL  When  the 
piston  and  rod  move  upward,  the  crown- 
wheel and  both  discs  8i  and  8i  turn  from  left  to  right,  and  re- 
volve loosely  upon  the  boss  of  the  middle  disc  8.  When  the 
piston  and  rod  descend,  the  crown-wheel  is  made  by  a  special 
arrangement  to  grip  tightly  the  circumference  of  the  disc  8,  and 
thus  to  impart  motion  to  the  shafi  The  construction  of  this 
special  arrangement  is  different  according  to  the  power  of  the 
engine. 
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''In  engines  of  small  size  {\  horse-power)  the  inner  surface  of 
the  crown-wheel  carries  a  number  of  eccentric  surfaces  aby  ab^ 
etc.  (Fig.  48).  Between  these  and  the  circumference  of  the  disc 
there  are  the  same  number  of  rollers,  c,  Cy  etc.  If  the  crown 
turns  in  the  direction  of  the  arrow,  as  it  does  when  the  piston 
.descends,  thdse  surfaces  which  lie  nearest  the  center  m,  press 
down  the  rollers  upon  the  disc  and  compel  it  to  take  part  in 
the  motion.  If  the  crown  revolves  in  the  reverse  direction, 
there  is  no  such  pressure,  and  the  small  rollers  c,  c,  roll  upon 
the  circumference  of  the  disc. 

''In  larger  engines  the  construction  is  similar.  Here  the 
rollers,  however,  do  not  lie  directly  upon  the  circumference  of 

the  disc,  but  upon  the  upper  surface  of  four 
wedge-shaped  bodies,  a,  h,  c,  d  (Fig.  45). 
Here,  also,  th9  portions  of  the  eccentric  sur- 
faces nearest  the  center,  during  motion  from 
right  to  left,  press  the  rollers  against  the 
wedges,  and  these  upon  the  circumference 
of  the. disc,  so  that  motion  is  transferred. 
"If  the  wedges  are  not  to  slide  upon  the 
Pia^48  periphery  of  the  disc  S^  the  angle  which  the 

eccentric  surfaces  of  the  crown-wheel  make 
with  the  circumference  of  the  disc  must  be  less  than  the  angle 
of  friction  of  the  metals. 

"Upon  the  shaft,  ?F there  is,  besides  the  toothed  wheel  Z^ 
also  another  one,  Z^.  This  engages  with  the  wheel  Z  (Fig.  45), 
which  is  keyed  to  a  second  shaft  Wy  parallel  with  W.  Upon  w 
is  the  ratchet  wheel  S^  while  the  two  eccentrics  E  and  Ei  form 
one  piece  and  revolve  loosely  upon  the  shaft.  The  catch  ^^2 
couples  or  disconnects  the  eccentrics  with  the  shaft  Wy  accord- 
ing as  it  engages  with  the  ratchet  wheel  8^  or  is  shoved  back 
by  the  bolt  hy. 

"  As  the  piston  descends,  the  projection  N  upon  the  piston- 
rod  strikes  down  the  lever  Ai,  raises  the  left  side  of  the  catch 
^8^29  which  then  engages  with  a  tooth  of  the  ratchet  wheel  8u  and 
then  the  catch  and  both  eccentrics  E  and  Ei  partake  of  the 
motion  of  the  shaft  w.  If  now  the  number  of  strokes  of  the 
piston  is  equal  to  the  revolutions  of  the  shaft  or  fly-wheel, 
which,  as  we  shall  see,  is  by  no  means  necessary,  ^i  is  raised 
during  a  revolution  and  the  catch  82  released. 
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"  As  soon  as  the  c&toh  is  released,  which  most  alvajs  occur 
wben  the  piston  is  not  far  from  the  bottom  of  the  cylinder,  both 
eooentridfe  come  to  rest,  and  the  slide  Ci, 
vhioh  is  moved  by  the  eccentric  E,  has  its 
central  position.  In  this  position  the  port 
yi  (Fig.  49)  corresponds  with  y  in  the  cylin- 
der jacket  and  yi  in  the  cover  Cj.  This  is 
pressed  by  springs  /,/,  npon  the  slide,  so 
that  air  cannot  get  between  the  surfaces. 

"  While  the  slide  Ci  remains  thus  a  short 
time  in  its  central  position,  the  piston  com- 
pletes the  lower  portion  of  its  stroke  and 
presses  the  products   of   combustion  out 
through  the  ports  and  valve  v  into  the  air. 
At  the  same  time  the  lever  A|  is  depressed,  the  catch  S,  en- 
gages the  ratchet  wheel  8i,  and  both  eccentrics  partake  of  the 
motion  of  the  shaft    One  of  thes^,  S,  which 
moves  the  slide,  moves  downward,  as  is  seen 
from  Fig.  45,  and  the  slide  moves  down.  The 
other,  E„  moves  np.  As  this  moves  the  lever 
ti,  which  in  our  figure  is  behind  k^,  and  the 
right  end  of  which  is  below  the  tappets,  the 
lever  and  piston  are  raised.  During  this  mo- 
tion of  the  piston  the  descending  slide  has 
closed  the  canal  y,  and  made  another  connec- 
tion, which  is  represented  in  Fig.  50.    Here 
the  canal  x  in  the  cylinder  side,  which  lies 
near  y  (Fig.  46),  communicates  with  the  chan- 
nel a  of  the  slide  Ci,  and  thus  by  m  and  n  with  the  outer  air 
and  a  gas  receiver.     Thus  as  the  piston  is  raised  a  mixture  of 
gas  and  air  enters  the  cylinder. 

"  A^  however,  the  slide  c,  moves  down,  the  canal  q  has  been 
in  communication  with  in  and  n,  and  is  therefore  also  filled 
with  a  mixture  of  gae  and.  air.  When  the  piston  has  its  lowest 
position,  this  canal  communicates,  as  we  see  in  Fig.  60,  with  the 
opening  a  in  the'cylinder,  in  which  a  lamp  l^  is  burning,  and 
tiius  the  mixture  kindled  in  q.  Now  the  slide  moves  rapidly 
upward  and  takes  the  position  shown  in  Fig.  51.  The  kindled 
gas  in  ^  is  still  burning,  and  so  soon  as  g  thus  communicates 
with  the  canal  x,  the  gas  mixture  nnder  the  piston  in  the  cylin- 


300  TBBRMOD  TSAMIOS. 

der  ia  also  kindled.  B;  the  expansive  force  developed  by  the 
explosion  the  piston  is  shot  up  with  great  velocity,  and  the  eo- 
ceDtric  E  raises  the  slide  somewhat  iftore,  and 
then  retams  it  to  its  central  position.  The 
lever  ^i  and  detent  ^Sj  then  release  the  eccentric, 
and  this  as  well  as  the  slide  remain  in  their 
positions  Qutil  the  above  operation  is  repeated. 
"  Let  us  now  point  oat  how  the  action  can  be 
regulated,  or  the  number  of  strokes  made  inde- 
pendent of  the  number  of 'levolntions  of  the 
crank. 

"  In  the  gas  conductor  is  a  cock  by  which  the 
relative  proportion  of  gas  and  air  can  be  so 
regulated  that  the  piston  is  shot  up  by  the  ex- 
plosion only  a  certain  distance.  We  can  thus  alter  the  per- 
formance of  the  ei^;iQe  at  pleasure.  Since,  however,  the  use- 
fol  effect  of  the  engine  is  greatest  for  a~  certain 
height  of  throw,  it  is  desirable  so  to  regulate  the 
force  exerted  that  the  throw  of  the  piston  may  be 
always  the  same,  and  hence  independent  of  the  de- 
livery of  the  engine  iu  a  given  time. 

"The  inventors  accomplish  this  by  making  the 
number  of  piston  strokes  independent  of  the  num- 
ber of  revolutions  of  the  axis,  regarded  as  constant. 
For  this  purpose  they  have  a  cock  D  (Fig.  45)  in 
the  end  of  the  exhaust  pipe,  that  is  the  pipe  through 
which  the  products  of  combustion  escape,  which 
allows  these  products  to  escape  more  or  less  rapidly.  By  this 
arrangement  we  can  cause  the  piston  to  descend  more  or  less 
rapidly.  Since  the  piston  is  pressed  down  by  the  difference  of 
pressure  of  the  atmosphere  and  inclosed  gas  mixture,  it  moves 
with  the  velocity  of  the  periphery  of  the  crown-wheel  so  long  as 
the  pressure  in  the  cylinder  ia  less  than  one  atmosphere.  Aa 
soon  as  this  pressure  is  reached,  the  piston  sinks  by  virtue  of 
its  own  weight.  If  now  D  is  but  little  opened,  it  sinks  more 
slowly,  if  much  opened,  more  rapidly,  while  tBe  velocity  of  the 
periphery  of  the  crown-wheel  and  disc  is  nearly  constant  If  D 
is  fully  opened,  the  engine  works  vrith  its  maximum  power. 
If  the  cock  is  closed  so  much  that  the  escape  of  the  products 
of  combustion  is  retarded,  ^  remains  longer  in  its  raised  posi- 
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tion,  and  the  valye  works  more  slowly.  The  posiidon  of  the 
cock  D  depends  therefore  upon  the  deliyery  desired.  Hence, 
tinder  irregular  resistance,  the  revo- 
lutions  of  the  fly-wheel  can  be  regu- 
lated by  this  cock. 

''In  Figs.  52  to  54  we  have  repre- 
sented the  slide  and  slide  surfaces  on 
the  cylinder  and  coyer. 

**  If  we  wish  an  automatic  regulation, 
it  is  only  necessary  to  fit  the  cock  D 
with  a  goTemor  run  by  the  shaft  in  the 
usual  manner." 

From  this  description  it  will  not  be 
disputed  that  the  construction  of  the  atmospheric  gas  engine 
is  very  complete,  and  that  it  deserves  to  be  placed  among  the 

most  ingenious  inventions  of  the  century,  a 
century  which  includes  also  the  engine  of 
Ericsson. 

The  inventors  add  to  their  description  in 
the  Journal  already  cited  the  following : 

"  The  atmospheric  gas  engine  differs  essen- 
tially from  earlier  gas  engines  in  the  follow- 
ing points : 

''1.  Begard  is  had  to  the  physical  principles 
noticed  in  the  introductory  remarks. 

"  2.  The  action  of  the  piston  is  intermittent. 
"3.  A  special  construction  transfers  the  downward  motion  of 
the  piston  to  the  fly-wheel  shaft 

"  4  The  construction  of  the  valve  motion  and  the  slide  is  es- 
sentially different  from  other  gas  engines. 

"  5.  By  changing  the  number  of  strokes  of  piston  for  a  con- 
stant number  of  revolutions  of  the  shaft,  the  performance  can 
be  regulated." 

That  which  distinguishes  in  other  respects  this  gas  engine 
from  ordinary  hot-air  engines  is,  that  it  is  very  easily  set  in 
action,  and  requires  very  little  attendance.  It  is  equally  safe 
with  all  hot-air  engines. 

It  has  the  disadvantage,  as  compared  with  hot-air  engines, 
that  it  can  only  be  set  up  in  places  where  illuminating  gas  can 
be  obtained  or  manufactured  without  great  cosi 
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Theory  of  the  Atmospheric  Gas  Engine. — ^Let  To  be  the  abso- 
lute temperature  of  a  gas  mixture,  consisting  of  a  cubio  meters 
of  air  and  1  cubic  meter  of  gas,  and  Ti  the  absolute  tempera- 
ture after  firing,  then  the  increase  of  temperature  is,  according 
to  page  285,  where  it  is  assumed  that  of  the  heat  which  every 
cubic  meter  <of  gas  furnishes  by  its  combustion,  1  — a  heat 
uBitB  are  directiy  withdrawn, 

rp  rp  1      ^^ 

^     ^~c    1.225a  +  0,636 ' 

,  0.1684a  +  0.286 

where  c  = rcTAQ • 

a  +  0.48 

According  to  experiment,  the  ratio  of  air  to  gas  is  8 'to  1.  lij 
then,  we  take  a  =  8,  we  have 

0.1684x8  +  0.286     ^,0^ 
c= g^jg =  0.190. 

If  we  pat  now  or  =  |,  we  have,  since  Tc  =  6580, 

T-T-    1      f  X  5580  _  3720 
*        ""0.19      10.335   ~  1.964' 

or 

Ti-To  =  1894°. 

For  T„  =  273  + 15  =  288%  we  have 

Ty,  =  1894  +  288  =  2182°. 

The  increase  of  density  A  is*  from  page  284, 

n  -      q*  +  l-48a  +  0.48      _  -  ^ . 
'^'  ~  a?  +  L2667a  +  0.3625  ~  ^"^ 

Hence  the  tension  after  the  firing  is 

_  1   7\ 
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Insertiiig  numerical  values 

^  ^  L024  "288"  "^  L02i  ^  '^'^^  "^  "^'^  atmospheres  (nearly). 

The  law  of  variation  during  rise  of  piston  may  be  repre- 
sented by  the  equation 

(In  the  Lenoir  engine  we  had  n  =  2.) 

The  work  which  a  gas  volume  performs  by  its  expansion 
when  the  law  of  variation  of  pressure  with  volume  is 

9 

iSy  from  preceding  principles, 


n  ^m 


Since  we  have  assumed  m  =  1,  in  the  present  case 

where  Vi  is  the  least  and  V  the  greatest  volume,  or  Vi  the 
volume  before  and  T^that  after  expansion. 

If  we  denote  now  the  cross-section  of  the  cylinder  by  F 
square  meters,  the  height  to  which  piston  is  shot  up  measured 
from  bottom  of  cylinder  by  8  meters,  the  height  which  the  gas 
mixture  occupies  before  it  is  fired  by  eiS  meters,  where  e^  is  a 
proper  fraction,  then 

and  we  have  again  as  before, 


X  =  j^i^«e,i),(l-Ci»-V). 
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Inserting  n  —  l^ei  suidpi  i;n  the  parenthesis,  and  denoting  the 
atmospheric  pressure  by  po,  we  have 

This  delivery  goes  in  several  directions. 

A  portion  of  it  imparts  Uying  force  to  the  piston,  and  shoots 
it  up  to  a  certain  height.  Another  goes  to  overcome  the  resist- 
ance of  the  air,  and  a  third  the  piston  friction. 

The  overcoming  of  the  resistance  of  the  air  requires  the  work 

Fspo  (1  -  Ci). 

If  we  denote  the  piston  friction  by  B,  we  have  the  work  for 
overcoming  it 

or  if,  with  Qrashof,  we  put  B  =  pFpo, 

pFp^  (1  -  ei). 

If  further,  P  is  the  weight  of  the  piston  and  rod,  the  work 
required  to  raise  it  to  the  height  «  —  Ci«  =  « (1  —  6i)  is 

Ps  (1  -  ei). 

If  here  we  put  P  =  (pFpo,  we  have 

^Fpo$  (1  -  ei). 

These  three  works  together  must  equal  that  of  the  gas  during 
its  expansion.    Hence 

m 

=  Fejhl'i- - ei  +  p (L  - ei)  +  <p(l-ei)l 


or 


g  ^  (1  -  C"  -  >)  =  (1  +  p  +  <p)  (1  -  e»). 


ATMOSPHERIC  GAS  ENGINE— THEOBT,  306 

Pnttmg  for  the  sake  of  brevity  ^  =  m, 

n  —  1  mei 

Since  now  p,  ^,  e,  and  m  may  be  regarded  as  known,  we  can 
determine  n  from  this  equation. 

According  to  experiments  by  Meidinger,  in  an  engine  of  the 
kind  in  question  of  \  horse-power,  i^  =  0.01767  sq.  meters, 
s  =  0.99  meters  (full  rise  of  piston),  ex  =  0.114  meters,  P  =  21.8 
kilograms,  and  B=7  kilograms. 

Hence 

21 8 
P=<p^.  =  2L8.    or    <p  =  Q Q^ygy  -^  ^^  =  0.119. 

Further 

B  =  pFpo  =  l,        or     p  =  g^^j^^g^l-j^ggj  =  0.038. 

SnbBtitatiiig  these  TtJaes  in  our  last  equatioo, 

(1  +  0.038  +  0.119)  (1  -  0.114)  ^  l-ci"-' 
7.4  X  0.114  n  - 1 

1.216  =  ^  ~~  '^""'  or  1.215n  -  2,215  =  -  c,— S 

w  —  1 

ei"-*  + 1.21571  =  2.216. 
This  equation  gives  n  =  1.60  very  nearly,  thus 

(0.114)«^  +  L115  X  1.60  =  2.2167, 
or  only  j^gg^  too  great 
Hence  the  equation 


pi^^  '=zp^Vi^ 


gives  the  law  of  variation  of  pressure  with  volume  when  the 
piston  rises. 
As  soon  as  this  law  is  known  we  are  able  to  calculate  the 

20 
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pressure  and  temperature  at  the  end  of  the  piston  rise, 
denote  this  pressure  by  p,  we  have 


If  ve 


P 


=<T- 


Vi 


Since  pi  =  7.4    and    —  =  0.114,  we  have 


V 


p  =  7.4  (0.114)^-"  =  7.4  X  0.03098  =  0.2293  atmosphere. 

That  is,  the  final  pressure  is  far  helow  the  atmospheric. 

For  the  sake  of  clearness  we  have  represented  graphically  in 
Fig.  55  the  law  of  change  of  the  gas  daring  the  piston  rise.  Oe 
is. the  distance  of  the  piston  from  the  bottom  of  the  cylinder  at 
the  moment  the  gas  is  fired.     0/  is  about  three,  Og  six  times 

this  distance,  and  Oh  is 
the  entire  rise.  At  /  the 
pressure  is  about  1.35  at- 
mospheres. This  is  repre- 
sented by  the  line/6.  At  g 
the  pressure  is  gc  =  0.45. 
Joining  the  points  abed  we 
obtain  a  curve  which  gives 
the  change  of  pressure  with 
volume.  We  see  that  at  a 
-^  distance  of  hardly  0.33  me- 
ters above  the  cylinder  bot- 
tom the  pressure  has  al- 
ready sunk  to  one  atmosphere.  The  line  em  =  hn  represents 
the  pressure  of  the  atmosphere  increased  by  the  weight  of  the 
piston.  From  eio  ky  the  area  abim  denotes  the  excess  of  work 
of  the  gas  above  that  required  for  overcoming  the  air  pressure, 
the  piston  friction,  and  for  raising  the  piston.  This  excess  im- 
parte  to  the  piston  its  living  force,  by  virtue  of  which  it  con- 
tinues to  rise  from  i  to  A,  or  from  i  to  n,  overcoming  the  resist- 
ance of  the  air  and  piston  friction.  During  this  the  inclosed 
gas  furnishes  indeed  a  work  represented  by  iodhk.  If  therefore 
we  add  this  work  to  the  living  force  of  the  piston,  we  have  the 
work  which  goes  to  overcome  the  air  resistance,  the  piston 
friction,  and  to  raise  the  piston. 
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If  now  T  is  the  absolute  temperature  at  the  highest  position 
of  the  piston,  we  have 

~  =  (0.114)^^^=  (0.114f »  =  0.2717. 

Since  T^  =  2182% 

T  =  2182  y  0.2717  =  593", 

or 

f  =  593  -^  273  =  320% 

a  temperature  still  pretty  high. 

The  useful  work  which  the  engine  furnishes  is  now  per- 
formed during  the  descent  of  the  piston,  by  its  weight  and  by 
the  air  pressure.  This  work  is  not  entirely  applied  to  moving 
the  engine  however.  A  part  serves  to  compress  the  inclosed  air 
again  to  the  pressure  of  the  atmosphere,  and  then  to  drive  it 
out  of  the  exhaust  valve.  Since  this  compression  takes  place 
with  the  velocity  of  the  periphery  of  .the  crown-wheel,  and  hence 
relatively  rather  slowly,  a  part  of  the  heat  set  free  has  time  to 
radiate  from  the  cylinder  walls,  and  another  part  is  absorbed 
by  the  cold  water  which  surrounds  the  cylinder  up  to  about  ^d 
of  its  height.  In  consequence  of  this  the  temperature  sinks 
during  the  compression,  and  the  departing  products  of  combus- 
tion have,  according  to  Meidinger,  only  about  200"^  tempera- 
ture, or  an  absolute  temperature  of  200  +  273  =  473''.  Another 
part  of  the  work  goes  to  overcome  the  piston  friction. 

We  can  now  easily  calculate  at  what  height  of  piston  above 
the  cylinder  bottom  the  exhaust  valve  is  opened,  or  at  what 
height  the  products  of  combustion  are  compressed  back  to  one 
of  atmosphere. 

From  known  principles  the  weight  &  of  a  volume  of  air  V, 
pressure  p  and  absolute  temperature  T,  is 

^      RT' 
In  our  engine,  where  the  air  is  not  pure,  but  a  mixture  of  air. 
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carbonic  acid,  etc.,  R  has  evidently  a  different  valne.    If  we  pnt 
for  it  ^1,  the  weight  0  in  the  moment  after  firing  is 

r  -  BH^^ 
RiT,  • 

Assuming  that  there  is  no  loss  of  air,  this  weight  mnst  remam 
the  same  at  eyery  position  of  the  piston,  and  therefore  when 
the  mixture  is  compressed  to  the  atmospheric  pressure  p^  If, 
then,  the  absolute  temperature  is  T^  and  the  gas  volume  is  Fe^^ 
e^  being  the  distance  of  the  piston  from  the  cylinder  bottom, 
we  have 

From  these  two  equations  we  obtain 

^  =  ^^     or    ^  =  ^^.   ■ 

Since  now,  pi,  ei,  T2,  and  7\  are  known,  we  can  calculate  e^ 
Inserting  numerical  values,  we  have 

„,  0.114  x473     ^-jjQ 
«2  =  7.4        2182 — ^  ^'•^^" 

As  «  ==  0.99™*,  the  distance  e^  is 

0.183  X  0.99  =  0.181  meters,  or  18.1  centimeters. 
.  Let  the  law  of  change  during  the  descent  of  the  piston  be 

p  and  V  being  specific  pressure  and  volume  at  the  highest 
position,  and|^t;o  at  the  height  e^  of  piston. 
Then 


i=(?)"'=(^^)  "'-■•• 
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'  For  the  rise  of  the  piston  we  had 

or 


If  we  divide  the  two  equations  for  —  and  —  one  by  the  other, 

P^        Pi 
we  have 


It,  ^-P^j>n. 


Po 


From  this  we  can  calculate  ni. 
Inserting  numeiical  values 


ii^ 


(0.183)"»  =  7.4  X  0.114"^ , 
or 

fit  log  0.183  =  log  7.4  +  160  log  0.114. 

Hence 

log  7.4  X  1.60  log  0.114  ^  Q^^ 

^=  log  0.183- ^"  n,  =  0.666. 

Therefore  the  law  of  relation  between  pressure  and  volume 
during  the  descent  of  the  piston  is 

Now  we  can  calculate  the  mechanical  work  necessary  for 
compressing  the  products  of  combustion  fromp  topo-     Ihis  is 


=  ^'^  ""  0.861  - 1  =  -^^  -  0.134  =  ^"P"  0.134  ' 
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Further,  the  air  pressure  and  descending  weight  have  to 
overcome  the  piston  Motion.    This  is 

pFsp^  (1  -  ^). 
Hence  the  work  required  by  both  resistances  is 

The  work  famished  bj  the  air  pressure  and  descending 
weight  is,  howeyer, 

Fspa  [1  -  ^  '+  <P  (1  -  «.)]  =  Fsp^  (1  +  ^)  (1  -  e»). 

Ji  we  subtract  the  preceding,  we  have  the  theoretical  effect- 
ive deUvery  per  revolution, 

=  ^^[(1  +  ^-p)  (1 -<!,)- ^^]  . 

If  there  are  u  revolutions  per  minute,  the  delivery  per  sec- 
ond is 

4/  I  #*  "i  —  f^ I 

^*  ~  60  ^^  l(1  +  ^  "■  ^)  (1  -  «i)  - 1)134  J  meter-kilograms. 

Or,  since  po  =  10334, 
A  =  172.23i?Tm[(l  +  ^  -  p)  (1  -  e,)  -  ^^]  •  (LXXX.) 

In  horse-power 
N=  ±296F8u  [(1  +  9'  -  P)  (l-e,)-  *^^]  •    (LXXXL) 
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EXAMPTiK. 

What  is  the  theoieticsl  ddivery  of  the  Atmospheric  gas  engine  experimented 
upon  by  Professor  Meidinger,  for  which  F  =  0.01767  square  meters,  s  =  0.09"-» 
6i  =  0.114,  P=  21.8  kilograms,  J2  =  7  kilograms,  tt  =  84,  and  Tt  =  278  +  200 
=  478''? 

First,  according  to  the  preceding  calcnlations,  1  +  ^  —  p  =  1 
+  0.119  -  0.038  =  1.081.  Further,  1  -  ej  =  1  -  0.183  =  0.817. 
Hence  (!+<?'-  p)  (1  -  62)  =  1-081  x  0.817  =  0.8832. 

Then   ^"»  =  0.2297   and   e^^  ^e^^  0.2297  -  0.183  =  0.0467. 

Therefore       'of*  =  -^^1017  =  0.349.    Hence 


(1 +  <?;-/.)  (1 -€!,)  + ^^'^g^^  =0.8832-0.349  =  0.5342. 

For  Fdu  we  have 

0.01767  X  0.99  x  34  =^0.6947,    therefore 

Fmk  [(1  +  (p  -p){l  -  e,)  -  -Q^"^-]  =  0.5947  x  0.5342  =  0.3177. 

If  this  result  is  finally  multiplied  by  172.23,  we  have  for  the 
theoretical  delivery  in  meter-kilograms  54.75. 

Experiment  gave  40  meter-kilograms,  and  therefore  the  effi- 
ciency is 

40 


5475 


=  0.73. 


According  to  Grashof,  the  efficiency  of  the  engine  in  question, 
when  oiled  carefully  and  at  short  intervals,  is  given  by  the 
equation 


y  =  0.838-0.054-, 


in  which  z  is  the  number  of  revolutions  of  the  fly-wheel  or  gear 


1 
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shaft    In  Meidinger's  experiment  z  was  76,  henoe 

y=- 0.838  — 0.64^  =  0.72, 

or  agreeing  almost  exactly  with  onr  calculated  result. 
For  ordinary  practical  working  condition  Grashof  gives 

y  =  0.79-0.07-. 

Hence  the  actnal  effect  of  an  atmospheric  gas  engine  is 

N^  2.296J?'«*y  [(1  +  ^  -  p)  (1  -  e,)  -  ^j^]  horse- 

power    .     .     .     (LXXXL) 

From  a  circular  of  the  inventors  we  take  the  following : 

A  convenient  and  advantageous  motor  for  the  minor  indus- 
tries is  offered  by  the  Otto  Langen  gas  engine. 

This  engine  can  be  set  up  in  crowded  areas,  as  its  action  is 
entirely  without  danger  and  it  requires  little  space. 

The  consumption  of  illuminating  gas  per  hour  for  every  horse- 
power (actual)  depends  upon  the  size  of  the*  engine,  and  is  on 
the  average  only  about  1  cubic  meter,  or  considerably  less 
when  the  engine  is  not  worked  up  to  its  limit 

The  expense  for  gas  is  the  only  cost  of  working ;  wages  for 
service  do  not  increase  with  size. 

The  water  for  cooling  requires  no  renewal  Its  temperature 
does  not  exceed  50°.* 

*  According  to  Meldinger^B  experiments,  the  cooling  water  for  the  en^e  of  f  hoi ac- power 
was  70  liters.  The  circulation  was  maintained  independently,  and  during  10  hours  of  constant 
action  It  left  the  Jacket  with  a  temperature  of  88*  C.  and  retnnied  with  8r>  0. 
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FOBMUL>£    FOB    THE    VELOCITY    WITH    WHICH    AIB    FLOWS    OUT    OF 

VESSELS. 

In  Fig.  56  let  the  space  between  the  two  pistons  HI  and  (?,  in 
the  vessel  ABGD^  and  the  pipe  EF,  be  filled  with  water  or  some 
other  liquid.  Let  the  piston  HI  be  pressed  toward  the  right 
with  p  kilograms  per 


Fie.  66. 


sqiiare   meter,   and   O 

toward  the  left  with  pi 

kilograms,  and  letjpi  < 

p.     If  the  area  of  the 

large  piston  is  Fj  and 

that  of  the  smaller/,  O 

the  total  pressure  upon 

one  is  Fp^  and  upon  the  other  fpi.    Let  the  distance  passed 

over  by  the  larger  piston  in  one  second  be  «,  and  that  passed 

over  by  the  other  be  «!.    Then  the  work  of  the  force  Fp  is  Fpa^ 

and  that  of  the  resistance^  is  fpiSi.    If  water  fills  the  space 

between  both  pistons,  then  for  every  position  Fs  =/eu  or 

F:/=8i :«. 

While  now  the  water  particles  pass  from  the  larger  to  the 
smaller  vessel,  they  must  take  a  greater  velocity ;  the  less  ve- 
locity s  passes  into  the  greater  Si.  If  one  cubic  unit  of  water 
weighs  y  kilograms,  we  have  Fey  =/fiij^.  The  work  Fpa  of  the 
force  Fp  has  not  only,  therefore,  to  overcome  the  work  fpiSi  of 
the  resistance  fpi,  but  also  has  to  give  to  the  weight  Fay  = 
fsiy  a  greater  living  force.  When,  then,  uniform  velocity  is 
attained  in  the  vessel  and  pipe,  we  have 


or 


% 


^2  — 

Fps  -fpvSi  =  -^  g— "  Fsy. 
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That  is,  the  difference  of  the  work  of  the  force  and  of  the  re- 
sistance is  equal  to  the  increase  of  living  force  of  the  water, 
neglecting  the  loss  of  velocity  due  to  friction,  etc  Such  an 
excess  of  work  must  always  exist  when  we  have  a  change  of 
velocity. 

n  s  is  very  smaU,  with  reference  to  a^  we  may  neglect «» aad 
have  then 

Fp8-fp,8x^^F8y, 
or,  putting  w  in  place  of  8^ 

Fp8-/pi8^  =  -^F8 (1). 

If,  now,  the  space  between  the  pistons  were  filled  with  an  ex- 
pansive fluid,  as  air,  instead  of  liquid,  the  case  would  be  some- 
what different.  Such  a  gas  would  expand  when  the  pressure 
on  one  end  was  less  than  that  on  the  other.  This  would  be 
especially  the  case  for  those  particles  in  the  vicinity  of  E^  as 
shown  by  the  dotted  lines.  If  we  assume,  as  before,  that  the 
volume  Fs  passes  per  second  into  the  pipe  EjF^  then,  if  its 
weight  is  one  kilogram,  its  specific  volume  is  v.  This  volume 
increases  in  passing  out  to  Vi,  so  that  Vi  =/^i.  The  works  Fps 
ejid/pi8i  are  then  equal  to  pv  and  piv^,  and  we  have 

where  1  is  the  weight  of  one  kilogram. 

If  we  assume  that  the  air  in  the  pipe  has  the  same  temper- 
ature as  in  the  vessel,  then,  by  Mariotte's  law, 

pv  =  PiVu 

and  the  left  side  of  our  equation  would  be  zero,  hence  =-  or  to 

would  be  zero.  We  have  to  seek  the  cause  of  the  change  of 
velocity  in  the  nature  of  the  gas  itself.  If  we  examine  more 
closely  we  shall  recognize  a  force  which  causes  this  change. 
Thus,  in  order  that  the  temperature  may  be  constant  in  the 
pipe  and  vessel,  heat  must  be  imparted  from  without,  and  just 
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80  much  heat  as  is  eqniyalent  to  the  work  of  expansion,  or  to 
the  increase  of  living  force  of  the  molecules.     This  heat  is 

g  =  2.3026^i?riogi^, 

Pi 

and  the  equivalent  outer  work  is 

X  =  ^  =  2.3026i?riog=2^. 

We  have,  then,  this  expression  in  the  place  of  jw  ^  PxVi  in 
Equation  (2).    Thus 


2^-2.3026i27'log^. 


OP 


w  =  y4L6052B  Tg  log  £-. 
Putting  in  the  place  of  B  and  g  their  values  (g  =  9.81  meters). 


ti7  =  36.366  y  r  log  ^  .    .     (LXXXn.) 

We  can  make  use  of  this  formula  in  every  case  when  the  ex- 
pansion is  very  small ;  when,  therefore,  p  is  but  little  more  than 
Pi.  For,  in  such  case,  the  heat  required  is  but  little,  and  we 
i{iay  assume  that  it  is  supplied  by  the  outer  air.  According  to 
Weisbach  this  is  always  the  case  when  p  —^  is  less  than  -^p. 

If,  however,  no  heat  is  imparted  during  the  expansion  from 
V  to  Vi,  this  must  be  supplied  by  the  heat  of  the  air  itself,  or,  in 
other  words,  it  must  lose  heat  equivalent  to  the  work  done  in 
expanding.    This  heat  is 

where  7\  is  the  absolute  temperature  of  the  air  in  the  pipe. 
The  equivalent  work  is 
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'  Now  in  the  present  cade,  by  the  combined  law  of  Mariotte 
and  Gay-Lnssacy 

and  since  Ti<T^  we  must  have  jOiVi  < pv.    By  the  expansion, 

therefore,  the  specific  volume  increases  less  rapidly  than  the 

pressure  diminishes.     The  expression  pv  —piV^  in  Equation  (2) 

has  then  a  positive  value,  or  work  must  be  performed  by  the 

piston  HI^  in  order  that  the  air  may  flow  out  with  the  velocity 

w.    Hence  the  entire  work  necessary  to  impart  the  living  force 

v^ 

—  to  one  kilogram  of  air,  is 

A  number  of  other  cases  may  be  conceived.  Thus  we  may 
suppose  heat  abstracted  during  the  expansion,  according  to  the 
law  pv'~^  =^PiVi~^'=^  etc.  Such  cases  have*  no  practical  in- 
terest. 

If  in  the  above  equation  we  put  RT  \u  place  of  pVy  and  BT^ 
toT  piVu  we  have 

« 

Since,  however,  R  —  — ^— ^ — - , 


=  (3-z+z)(^-^^=^<^-^»)- 


If  we  assume  T  as  known,  we  can  easily  find  7\.   Xhus,  since 
the  expansion  is  adiabatic,  we  have 


Also, 
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t  — 1 


T  ~  \'pj 


hence 

t  — 1 


r,=  r(a)- 


We  have  therefore  for  w 


w 


=|/^^T[,-(a)-] 


=  44.449/</r[l  -  (^)       ].  (LXXXin.) 


These  formnlffl  apply  to  the  case  where  air  flows  out  of  a 
vessel  into  the  atmosphere.  In  this  case  pi  =  l>  Instead  of 
assuming  the  piston  HI,  by  moving  toward  the  right,  to  pre- 
serve a  constant  pressure,  we  may  suppose  fresh  air  constantly 
forced  in. 

Experiment  shows  that  the  above  velocity  is  never  attained 
completely.  The  particles  are  hindered  by  friction  and  mutual 
impact.  These  disturbances  cause  a  loss  of  velocity  which 
jeappears  as  heat.  Since,  however,  the  velocity  of  e£S[ux  for 
moderate  pressure  is  very  great,  the  heat  thus  generated  by  loss 
of  velocity  is  imparted  almost  entirely  to  the  particles  rather 
than  to  the  walls  of  the  vessel,  and  the  temperature  Ti  at  the 
plane  of  the  orifice,  or  where  the  pressure  is  constant,  is  some- 
what greater  than  given  by 


2-,  =  r(A)*-''. 


Experiment  has  also  shown  that  the  greatest  velocity  is  not  in 
the  plane  of  the  orifice,  but  some  distance  from  it,  within  the 
pipe.  The  stream  possesses,  then,  at  this  point,  a  somewhat 
smaller  cross-section  than  the  orifice.  The  phenomenon  is 
ahnost  exactly  the  same  as  for  the  efflux  of  water  or  similar 
liquids. 
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The  number  by  which  the  area  of  the  orifice  mnst  be  multi- 
plied in  order  to  give  the  area  of  cross-section  of  the  stream 
where  the  velocity  is  greatest,  is  called  the  coefficient  of  con- 
traction. It  depends  not  only  upon  the  excess  of  pressure 
p  —  Piva  the  vessel,  but  also  upon  the  form  of  the  orifice,  as 
well  as  upon  its  position. 

According  to  Weisbach,  for  an  effective  pressure  j5  —  7)1  of  50 
to  850™" ,  for  circular  orifice  in  thin  plate,  of  from  10  to  24°™* 
diameter,  the  coefficient  of  contraction  is  <r  =  0.566  to  0.811, 
increasing  with  p  —  pi.  If,  for  example,  the  area  of  orifice  is  1 
square  centimeter,  the  cross-section  of  the  stream  at  the  place 
of  greatest  velocity  is 

0.566  to  0.811  square  centimeters. 

But  in  this  cross-section  the  velocity  is  not  w^  as  just  found, 
but  is  somewhat  less.  We  have  therefore  to  multiply  w  by  a 
proper  fraction,  in  order  to  obtain  the  actual  velocity,  and  this 
fraction  we  call  the  "  coefficient  of  vdocity.''  If  we  denote  it  by 
q)y  and  the  effective  velocity  by  w„  we  have 

Ji,  now,  the  cross-section  of  the  orifice  is  ^,  that  of  the 
greatest  velocity  will  be  ^i^,  and  since  the  particles  pass  with 
the  velocity  w^  =  qyw,  the  discharge  per  second  is 

V=  WgCxF  =  tpwarF. 

And  putting  for  w  its  calculated  value,  -^  '  j^j 

^^' 

V=  44.449  paF  l/fl  -  (  P^y     1 . 

The  product  of  the  coefficients  of  contraction  and  velocity 
(aq))  by  which  we  multiply  "the  area  F  of  the  orifice  and  the 
theoretical  velocity,  in  order  to  find  the  actual  discharge,  is 
called  the  "  coefficient  of  discharge^^*  and  is  denoted  by  /'•  Ac- 
cordingly 


V=  44.449;<i?^ 


\/b  -  (?) 


o.aoi-i 


(LXXXIV.) 
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If  the  mouthpiece  through  which  the  air  flows  is  fitted  to  the 
shape  of  the  stream,  we  have  ly  =  1,  because  the  orifice  has  then 
the  same  cross-section  as  that  where  the  velocity  is  greatest 
For  such  orifices,  shaped  somewhat  as  shown  in  Fig.  56,  Weis- 
bach  gives  for  an  effective  pressure  p  —  pxol  180  ta  850"*"-,  for 
area  of  orifice  of  about  lO"^'"- 

<p  =  fjL-  0.981. 

(One  atmosphere  is  760™°) 

For  circular  orifices  in  a  thin  plate,  from  10  to  24'"'"'  diameter 
and  an  effective  pressure p—joi  of  from  50  to  860 """"j  and  tak- 
ing q)  =  0.98,    . 

//  =  0.556    to    0.795. 

For  short  cylindrical  pipes  of  the  same  diameter  as  the  ori- 
fice, for  the  same  limits  of  pressure, 

/i  =  (^  =  0.737    to    0.839. 

• 

Example  1. — ^With  what  velocity  w,  will  air  flow  out  of  a  receiver  into  the  air, 
when  the  pressnre  p  is  1.033  atmospheres,  the  absolute  temperature  T  278  +  10  = 
283%  and  the  coefficient  of  velocity  cp  =  0.90  ? 

Since  the  pressure  is  but  little  in  excess  of  the  atmosphere,  we  may  make  use 
of  the  formula  LXXXIL,  page  815.    We  have  then 


t€,  =  0.0  X  36.365   V283  log  1.033 


=  0.0  X  86.865  ^283  x  0.0141 


rr  0.9  X  36.365  i^3.0903 
=  0.9  X  72.367,    or  finaUy 
We  =  65.132  meters. 


Example  2. — ^In  a  receiver  we  have  air  under  the  constant  pressure  p  =  1.2 
atmospheres.  The  absolute  temperature  is  T-  273  +  10  =  283\  With  what 
velocity  will  the  air  issue  when  the  discharge  takes  place  through  an  orifice  of 
the  shape  of  the  contracted  stream? 

Hew  p  =  1.2  and  pi  =  1,  hence 
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Hence 


w  =  44,449  4/283  (1  -  0.9485)  =  44.440  4^14.5745, 
or 

w  =  169.448  meters. 

m 

Since  <p  =  0.981,  the  actual  velocity  is 

%e^^<pu)=  0.981  X  169.448  =  166.224  meters. 


If,  now,  in  the  equation 


29       A  ^^       ^^^ 


we  put  w,  in  place  of  «7,  the  absolute  temperature  T^  in  the  plane  of  the  orifice 
will  be 

m  _m     «^«'     A  _  (166.224)*      ^  ^^^^^ 

=  288  -  13.98  =  269.02. 


Hence  the  temperature,  Centigrade,  is  /^  =  269.02  —  273  =  —  4.02^. 
We  see,  therefore,  that  eren  for  a  slight  excess  of  pressure  of  only  0.2  atmos- 
pheres, there  is  a  considerable  reduction  of  temperature. 

Without  loss  of  Telocity,  the  temperature  T^  would  have  been 

^'i  =  283  -  ^j~:|§f  X  0.00993  =  288  - 14.68  =  268.47% 


or  268.47  -  273  =  4.53'  C.    By  the  resistance,  therefore,  the  air  is  heated  4.58  - 
4.02  =  0.51'. 

Example  3.— If  the  same  receiver  is  required  to  furnish  100  cubic  meters  of 
air  per  minute,  what  must  be  the  cross-section  jPof  the  orifice  of  discharge  ? 

We  have  V^w^aF^    or    F=  —  ,    ot 

100 
since  a  =  1,        r=-^-  =  1.666,        tr*  =  166.224, 

2,        1.666         -  A-/v/v« 
~  166.224  "^  "-^^^^  square  meters  =  1.003  square  dec. 
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Finally,  we  remark  that  when  air  flows  from  a  receiver  into 
the  atmosphere,  the  contracted  stream  expands  again  in  a  man- 
ner similar  to  that  in  which  it  contracted.  It  thus  gradnally 
loses  its  velocity  and  the  particles  come  to  rest    It  is  evident 

that  the  entire  living  force  ^ ,  inherent  in  one  kilogram,  is  thns 

transformed  into  heat,  and  that,  therefore,  as  soon  as  rest  ob- 
tains, the  temperature  of  the  air  is  again  the  original  temper- 
ature T  which  it  had  in  the  receiver  before  expanding. 
21 


CHAPTER    Xm. 


Am  GOHPBESSOBS  Ain>  OOHPBESSED  AIB  ENGINES. 

[The  following  pages  comprise  an  abstract  of  a  work  entitled  *'  L'Air  Comprim^,"  by  H.  A. 
Pemolet,  Paria,  1870.  The  abstract  formed  portion  of  a  Gradnation  Thesis  written  by  Mr.  Bailey 
Willis,  M.£.,  while  a  stadent  in  the  School  of  Mines,  Colombia  College,  and  is,  with  his  pennu* 
sion,  given  here  with  insignificant  chains,  precisely  as  prepared  by  him.  Mr.  Willis  has  in 
several  places  found  occasion  to  differ  from  M.  Pomolet,  and  such  differences  will  be  fonnd 
noted  in  the  Text  Mr.  Willis  has  also  converted  all  the  formula  and  calculations  into  BngUsh 
measures.] 

Work  of  Compreanon.— Suppose  we  haTe  a  given  weight  G  of  air,  whose  vol- 
ume is  Vi,  pressure/),,  and  absolute  temperature  Ti.  By  means  of  a  piston  let 
this  air  be  compressed  adiabaticaliy  to  the  volume  Vf,  pressure/),,  and  tempera- 
ture jT,.  During  compression,  the  pressure  j9|  of  outside  air  acts  upon  the  piston 
to  help  compression.  After  compression,  the  volume  Vg  is  forced  under  the 
pressure  i^a  into  a  reservoir.    Then  the  work  of  compression  is 


Bat 


P^Vf  =z  ^  (e,  -  e,)  Ti 


A 


t 


and 


hence 


or 


1^1  T^i  =  2  (<'/•  - «»)  ^1 » 


z„=f  (c.  +  c^-c.)(!r,-r,), 


=  100.70^0 (T^  -  Ty)  meter-kil. 
=  188.866^  (T,  -  r, )  foot-lbs.         J 


.   (LXXXV.) 
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where  -j  =  772,  and  degrees  are  measured  by  Fahrenheit  scale.    For  oonvenience 
A. 

of  use  we  may  write  these  equations  in  the  following  form  : 


A  =  100.7046^r, 


.(It-') 


meter-JdL 


or 


.     .    (LXXXVI.) 


i>=  188.866=  r, 


'.(?t-') 


foot-lbs. 


T, 


Pi 


We  can  find  frwn  the  table,  page  171,  -^  for  any  given  ratio  of  -^  ,  and  then 

•'i  Pi 

find  the  work,  without  first  finding  T,. 

We  may  also  write  the  expression  for  the  work  of  compression  in  the  form 


*-i 


Xr=  100.7046 2*1  [(— )  *  -  l]  meter-kil. 


or 


ir-l 


^(LXXXVII.) 


Lc=  188.866  r,  [(— )  *  -  l]  foot-lbs. 


Again,  if  the  volume  Vi  of  air  to  be  compressed  is  given,  instead  of  the  weight 
6,  then  since 


wehaTs 


and  hence 


PiVi  =  -^(fi,.-e;}Ti, 


/5_    _4?'Tt 


^=^«^'..-^(?7-0 


=  8.453p,r,  (^-l) 


>    .  .   (Lxxxvni.) 


Any  of  these  formuhe  may  be  used  in  finding  the  work  of  compression,  as  may 
he  most  convenient,  and  the  table  on  page  171  will  greatly  facilitate  computa- 
tions. 


Volume  of  (he  Compressing  Cylinder, — ^Let  the  volume  of  the  compressing 
cylinder  be  T,  and  the  volume  of  air  compressed  per  stroke  be  F^ .  If  the  engine 
makes  n  revolutions  per  second,  it  will  make  2n  strokes  per  second,  and  the  vol- 

y 

ume  of  air  compressed  at  each  stroke  is  ~  • 
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The  Yolome  of  the  cjlinder  must  be  equal  to  this,  or 


F= 


2n' 


But 


j?i  Vi  =  GBT^,      hence 


(L 


IHnal  TempercUure, — ^In  the  formuIsB  for  the  work  of  compression  ab;eady  de- 
duced, the  final  temperature  T^  of  the  air,  as  it  passes  out  of  the  compressing 
cylinder,  occurs.    In  the  following  table  the  final  temperatures  for  different 

values  of  —  are  given,  the  initial  temperature  tx  being  assumed  equal  to  68' 

Pahr.,  or  t[  =  459.4  +  68  =  527.4% 


Final  Temperature.— T^  =  459.4  +  68  =  527.4%  or  i^  =  68"  JWir. 


Pi 

m 

Pi 

Final  abao- 

late  t«mner- 

atoxe  T^ 

Final  tem- 

peratare  in 

d^B^reea 

FaGr.  /,. 

t 

P/ 

Final  abso- 
lute temper- 
ature Tf 

Final  tem- 
peratarein 

2 

644.8 

725.3 

788.35 

841.1 

886.7 

927.3 

963.9 

185.4 

265.9 

328.95 

381.7 

427.3 

467.9 

504.5 

9 

10 

11 

997.42 
1027.95 
1058.2 
1084.2 
1109.6 
1133.85 
1156.6 

588.02 

3  

568.55 

4 

598.8 

5 

12 

624.8 

6 

13 

650.2 

7 

14 

674.45 

8 

15 

697.2 

These  values  are  easily  calculated  from  the  table  of  ratios,  page  171,  and  the 
table  can  be  readily  extended  if  desired. 

They  can,  if  desired,  be  easily  reduced  to  Centigrade  degrees,  or  the  Centi- 
grade values  can  be  calculated  directly. 

Compression  in  two  Cylinders  with  Intermediate  Reservoir. — We  see  from  the 
expression  for  the  work  done  in  compression 

Lc=:^Cj.{T^--T,) 


that  in  order  to  reduce  the  work  of  compression  for  any  given  ratio  ^^ ,  we  must, 

Pi 

if  possible,  reduce  the  final  temperature  T*^ 

This  may  be  in  some  measure  accomplished  by  compressing  the  air  in  one 
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cylinder  to  a  pressura  p/  intermediate  between  pi  and  p^,  then  cooling  it 
under  the  constant  pressure  p^'  to  the  temperature  T,,  and  then  further  com- 
pressing it  to  the  pressure  j9,  in  a  second  cylinder. 
The  woric  of  compression  in  the  first  cylinder  is  then 


Jfc-i 


A=|., 


,r,-r.,  =  |.,r,[(g)'-,]. 


and  in  the  second  cylinder 


*-i 


i.  =  |-<^(r."-r,)  =  |c,r,[(|;.)  *  -i]. 


The  total  work  of  compression  is  therefore 


*-i 


"-"h^-mr  *  it)  -'}■■■ '^"^ 


k 


»-l 


mmunum. 


Now  ie'  is  a  minimum  when  (^j        +  ^.  j        is  »  mini 

In  any  given  case,  pi  andpt  will  be  known,  and  hence  the  above  expression 
18  of  the  form 


X      b 
-  +  -. 
a      X 


Differentiating  and  placing  the  first  differential  coefficient  equal  to  zero,  we 


find 


xr=  Vab, 


and  this  value  substituted  in  the  second  differential  coefllcient  gives  a  positive 
result 

Hence  the  work  of  compression  will  be  a  minimum  when 


Pi  =  VpxPu 


or 


Therefore 


Pj'_  _.  P% 

Pi       pi 


(XCI.) 


u^ 


=?•'-.  [(t;r  -] 


or 


fc-i 


^--i^-^d;)"*-'] 


(XCH) 
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It  follows  also,  from 


7  » 


that 

that  is,  the  final  temperatures  in  the  two  cylinders  are  eqoaL 
Since 

Jt-l  Ir-l 


%' (ftr  <fr  ■  ■  ■  ■  ^"^^ 


and  since  for  a  single  cylinder  and  the  same  ratio  —  , 


1-1 


we  have 


T,  _  {p,\  * 

2".  -  VrJ 


(XCIV.) 


Compoiing  the  work  of  compression  in  two  cylinders  with  that  in  one,  we 
liave 


sJ>iM""ii]=- 


(XCV.) 


^4(11)" -'J  (g)  - 


or 


^'=^-^^1 (XCVL) 


(?:)' 


+   1 


Now  ^  is  always  greater  than  1,  therefore  (nr)    +  ^  is  always  greater  than 

2,  and  Le^  the  work  of  compression  in  one  cylinder  for  the  same  limits  of  |>,  and 
Pg,  is  always  greater  than  the  work  of  compression  in  two  cylinders. 

In  the  following  table,  the  ratios  y-  and  the  final  temperatores  in  dq;rees 

Fahrenheit,  for  one  and  two  cylinders,  are  giren ;  it  being  assomed  that  Ti 
=  4591.4  +  68  =  527.4  or  ti  =  68'  Fahrenheit 
We  find  r,'  from  XCIII. 


Tl.:=:  /^JlV'" 


Tf  may  be  found  by  aid  of  the  table,  page  171. 
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TABLE, 

SHOWnra  FINAL  TEMFERATUSB  FOB  ONE  ANP  TWO  CTLIin>BB8  AND  SATIO  y-  , 

T=  469.4  + 1. 


Pi 


2 
8 
4 
5 
6 
7 
8 


Final  tempentnra 

in  degrees  Fahr. 

LJ 

Lc' 

One 

Two 

criinder 

cylinden 

if 

,      V. 

185.4 

123.8 

0.95 

265.9 

159.1 

0.92 

828.95 

186.4 

0.90 

881.7 

207.6 

0.88 

427.3 

224.5 

0.87 

467.9 

239.9 

0.86 

604.5 

263.6 

0.86 

Final  temperature 

in  degrees  Falir. 

n% 

pr 

One 

Two 

cylinder 

cylinders 

tt- 

W' 

9 

688.0 

266.9 

10 

668.55 

277.0 

11 

698.8 

287.8 

12 

624.8 

296.8 

18 

650.2 

806.6 

x%«  •  •     •  •  • 

674.45 

818.9 

15 

697.2 

821.6 

Ze 


0.84 
0.83 
0.88 
0.82 
0.82 
0.81 
0.80 


I^ricHan  of  Air  in  Pipes, — ^The  oompressed  air  is  conveyed  by  means  of  pipes 
from  the  reservoir  to  the  point  at  which  it  is  desired  to  utilize  it,  and  theicfore 
there  is  a  certain  loss  of  pressure  due  to  friction. 

This  loss  is  independent  of  any  changes  of  tem()erature  of  the  air.  It  is 
directly  proportional  to  the  length  of  the  pipe  and  the  square  of  the  velocity,  and 
inversely  as  the  diameter  of  the  pipe. 

Denoting  the  loss  of  pressure  due  to  friction  by  F,  we  have  from  experiments 
at  Mont  Genis 


^=0.00986^ 

a 


(xovn.) 


where  u  is  the  velocity  in  feet  per  second,  I  the  length  of  pipe  in  feet,  and  d  the 
diameter  of  the  pipe  in  inches. 

In  conveying  the  air  through  the  pipe,  there  is  also  a  loss  of  power  due  to  the 
change  of  temperature.  If  we  denote  by  T3  the  temperature  at  the  point  of 
application,  we  have  for  this  loss 


J^'  =  |c.(r,-r,) 


(xcvni.) 


hence  Tf  should  be  as  low  and  T^  as  high  as  possible. 


77ie  Compressed  Air  Engine, — The  compressed  air  arrives  at  the  end  of  the 
pipe  with  a  pressure  p,  and  at  an  absolute  temperature  Tz,  while  G  pounds  of 
it,  the  amount  used  per  second,  occupy  a  volume  Vt. 
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It  is  then  admitted  into  the  cylinder  of  the  compressed  air  engine  and  does 
work,  its  condition  at  the  end  of  the  stroke  being  j^^',  T^'y  and  Ti'.  The  exhaust 
then  opens  and  the  air  escapes  into  the  atmosphere,  its  state  changing  toj94,  T^, 
and.F4. 

The  air  may  perform  work  in  the  cylinder  in  three  different  ways. 

1.  It  may  act  at  full  pressure  during  a  portion  of  the  stroke,  and  be  then  cat 
off  at  such  a  point  that  the  pressure  in  the  cylinder  falls  by  expansion  to  the 
pressure  of  the  atmosphere.    In  such  case,  J94',  T^,  and  TTi'  become  equal  to  /I4, 

2.  The  air  may  act  at  full  pressure  during  the  whole  stroke.  In  this  case  J94', 
T^\  and  V^'  are  equal  to  p^^  jf,,  and  Fg',  and  the  work  corresponding  to  the 
change  of  temperature  ^Ta  —  2*4  is  lost. 

8.  The  air  may  act  at  full  pressure  during  a  portion  of  the  stroke,  and  be  then 
cut  off  at  such  a  point  that  the  pressure  within  the  cylinder  is  reduced  indeed  by 
expansion,  but  not  to  the  pressure  of  the  atmosphere.  In  this  case^j  is  greater 
than  j»4',  and  1)4'  is  greater  than  J94. 

We  may  call  these  three  cases  respectively  : 

1,  CompUU  expansion :   2,  FuU pressure;  and  8,  Ineampkie  expansion. 


1.  COMPLETE  EXPANSION. 

We  hare  to  deal  in  this  case  with  the  initial  conditions  p^,  Fj,  and  ^3,  and 
the  finaJ  conditions  p^,  V^,  and  T^  of  G  units  of  weight  of  air,  the  amoont 
used  per  second.  ^ 

Final  Temperature, — The  expansion  takes  place  between  the  limits  p^  and 
p^  aocording  to  the  adiabatic  law.    Hence 

0.W 


or 


..    T, 


^^^M'". 


The  ratio  ^  may  be  found  in  our  table,  page  171,  for  the  given  value  of  — 

■*4  JP4 


Disposable  Work, — ^The  work  of  the  air  in  the  cylinder  is  made  up  of  two 
parts,  the  work  p.,  T,  at  full  pressure  plus  the  work  qi  expansion.  The  dispos- 
able work  is  this  amount  less  the  work  of  the  back  pressure  p^,  Fi. 

Hence 
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This  reduces,  as  we  have  already  seen,  to 

Volume  of  (he  Cylinder, — ^We  have  found  for  the  Tolume  of  the  compressing 
cylinder 

In  an  entirely  analogous  manner  we  have  for  the  volume  of  the  cylinder  of 
the  air  engine 

V'  =  B^  ^ (XCIX.) 

where  n  is  the  number  of  revolutions  per  second. 

Weight  of  Air  per  Second, — ^Let  N  denote  the  number  of  horse-power  per 
second  required,  and  7  denote  the  efficiency  of  the  engine.    Then  since 

we  have  for  Bnglish  measures 

henoe 

550^         JV^ 


(?  = 


7/ep    (T^-T,) 


8         N 
=  ~ '  w ^  pounds  per  eeeond.  .    .    ,    (C.) 

Efpideney  of  ike  Compresaor  and  of  the  Engine. — Let  C  be  the  ratio  between 
the  work  of  the  compressor  Le  and  the  work  of  the  air  engine  Ld*     We  have  then 


^=^  = 


»-l 


C  =  — L \P»\   ,-J (PL) 

4- (I;)""] 
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In  this  expression  the  ratio  of  the  terms  in  brackets  is  nsoallj  nearly  equal  to  t 

T 
It  is  therefore  to  the  ratio  -=r  that  we  must  look  for  any  increase  in  the  ei&- 

ciency  of  the  combination  of  the  compressor  and  the  air  engine. 

T3  is  usually  the  temperature  of  the  atmosphere  at  the  air  engine,  and  we  see, 
therefore,  that  to  increase  the  efficiency  we  must  decrease  Tf.  This  agrees  with 
what  has  been  said  in  discussing  the  compressor. 

A  rough  approximation  to  the  efficiency  in  any  giyen  case  may  be  airiTod  at 
by  placing 

The  values  thus  obtained  will  always  be  greater  than  the  true  valnes,  and  the 
latter  will  approach  the  nearer  to  it,  as  the  loss  by  friction  in  the  pipes  is  less. 

For  the  sake  of  future  compariscxi  merely,  we  give  in  the  following  table  the 
efficiency  for  complete  expansion  calculated  from  the  formula 

Tt  being  taken  equal  to  527.4°  Fahr. 


pV 

^ 

P% 

p: 

i. 

2 

0.8d 
0.78 
0.67 
0.68 
0.50 
0.57 
0.55 

9 

0.58 
0.51 
0.50 
0.49 
0.48 
0.47 
0.46 

8 

10 

4 

11 

5 

12 

6 

7 

18 

14 

8 

15 

These  values  can  be  taken  directly  from  the  table,  page  171,  in  the  column 

T 
lor  5^. 

In  practice  these  efficiencies  are  reduced  to  less  than  half  of  these  theoretical 
values.  For  if  we  denote  the  work  of  the  engine  that  works  the  compressor  by 
L,  and  the  work  performed  by  the  air  engine  by  L\  and  assume  the  efficiencies 
of  the  compressor  and  air  engine  at  a  fair  average  at  0.70,  we  have 

Le=0,7L,    and    L' ^9,7 Ld,    henoe 


L^     0.7  Lri      f^.^Ld 
0.7 
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Moreoyer,  it  must  be  remembered  that  for  long  distances  the  term 


»-i 


has  a  rerj  considerable  influence,  and  reduces  the  value  of  C  verj  materially. 

ConstrtLction, — We  may  easily  deduce  formulas  for  the  cut-off  which  will  pro- 
duce complete  expansion.  v 

y 
The  volume  of  air  at  the  pressure  p^  used  per  stroke  is  -^ .    When  this  ex- 

pands  to  the  pn8Biire/»4,  the  volume  must  be  that  of  the  cylinder  F,  for  which 
we  have  already  deduced  a  value. 
We  have  by  the  adiabatic  law 


2n 


Fa  "  \pj 


F' 
From  our  table,  page  171,  we  can  find  the  value  of  d»  -^y  for  any  given  value 

of  — ,  in  the  column  for  —  . 
Pa  Vt 

Let  now  8  be  the  stroke,  and  s  the  distance  traversed  by  the  piston  during 

admission  of  air.    Then 

1 


«  Fg 


= W 


Let  00  be  the  angular  velocity  of  the  crank,  and  ti  the  duration  of  admission. 
Then 

«  =  g-  (1  -  cos  ooi^), 

hence 

\_ 


totx 


=  arc.  cos  Tl  -  2  ("^ yi (Cn.) 


If  the  time  of  entire  stroke  is  t,  we  have 

40/  =  ir  =  8. 14,    and  hence 

i^^O^  OOt, ^jjjj 

t  0!>t  It  ^  ' 


1 
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In  the  lafit  column  of  the  table,  page  171,  we  have  giTcn  the  volamcs  of  -^, 

calculated  for  the  corresponding  values  of  — ,  in  the  first  column. 

Pa 


Air  Engines  with  Two  Cylinders  and  Intermediate  Reservoir, — ^We  have 
already  given  the  formula  for  the  final  temperature  T^,  for  complete  expantion 
(page  328),  viz.  :  % 

»-i 


k-{fy- 


Assuming  T^  =  527.4',  which  corresponds  to  60'  Fahr.,  the  values  of  JT,,  given 
in  the  following  table,  may  easily  be  calculated  by  the  aid  of  table  on  page  171. 


TABLE 


FOfi  FINAL  TEMPEBATUSE   ^4. 

r,  =  459.4  +  68  =  527.4. 


p% 

Pa' 

Final 

absolnte 

temperature 

T4. 

Final 
temperature 
Fahrenheit 

<4. 

Pa' 

Final 

absolute 

temperature 

Final 
tempemtnve 
Fahrenheit 

2 

431.4 

883.5 

852.8 

830.7 

813.7 

299.98 

288.5 

-  28 

-  75.9 

-  106.6 

-  128.7 

-  145.7 

-  159.4 

-  170.9 

9 

278.9 
270.5 
263.1 
256.6 
250.7 
245.3 
240.5 

—  180.5 

8 

10 

188.9 

4 

11 

12 

—  196.3 

5 

—  202.9 

6 

13 

—  208.7 

7 

14 

—  214.1 

8 

15 

—  218.9 

In  discussing  the  air  compressor,  it  has  been  shown  that  the  final  temperature 
Tf  could  be  reduced  by  compressing  in  two  separate  cylinders  connected  by  a 
cooling  reservoir  (pages  324,  ^5).  In  a  similar  manner  the  very  low  temperature 
T4,  given  in  the  preceding  table,  may  be  in  a  measure  avoided. 

The  air  expands  in  the  first  cylinder  to  a  pressure  p^  which  is  greater  than 
j>4.  It  then  passes  into  a  reservoir  and  is  heated  by  jets  of  hot  water,  under  the 
constant  pressure  p^',  to  its  original  temperature  I*,.  It  then  passes  into  the 
second  cylinder,  and  is  there  allowed  to  expand  to  the  pressure  1^4  of  the  atmos- 
phere. 

The  work  in  the  first  cylinder  is 
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The  work  in  the  second  cylinder  is 

Hence  the  total  disposable  work  is 

As  already  shown  (page  825),  the  last  two  terms  are  a  minimam  when 

p/  =  \/jh^  and  T/  is  then  =  T^*', 
Hence  we  have 


^■—^-■Q-te) '  ] 


ir-l 


=a|«,r.[i-(£^)"] (CIV.) 


Since 


*  - 1  »  - 1 


^-(i^r^fer '-> 


we  have 


2V  _  /^.V 

where  T^  denotes  the  final  temperature  for  one.  cylinder.    Comparing  the  work 
in  one  cylinder  with  that  in  two,  we  hare 


'  r~     —  y  V  =  <»    Tri  ~ 


^=3-        ^   _-    •     •     (CVI.) 

an  expression  entirely  similar  to  XCVI.,  but  in  this  case  the  denominator  is  less 
than  2,  and  L4  is  therefore  less  than  L^, 

In  the  following  table  we  give  for  comparison  the  final  temperatures  t^  and  t^' 

in  Fahrenheit  degrees,  and  the  ratio  ^ ,  for  different  values  of  ^ ,  Ts  being 
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taken  =  527.4%  or  <,  =  68^  Fahr.    The  valaes  for  one  cylinder  are  taken  from 
the  table,  page  832,  and  for  two  can  be  calculated  from  CVI.* 

Ti  =  459.4  +  68  =  527.4\ 


Final  temperature, 
Fahrenheit. 

Ono  cylinder. 

• 

Final  temperature, 
Fahrenheit 

Two  cylinders. 

Zrf' 

2 

-  28 

-  75.9 

-  106.6 

-  128.7 
-145.7 

-  159.4 

-  170.9 
-180.5 

-  188.9 

-  196.3 
-202.9 
-208.7 

-  214.1 

-  218.9 

+     14.5 

-  10.2 

-  28.2 

-  41.8 

-  52.8 

-  61.7 

-  69.3 

-  75.8 

-  81.9 

-  86.9 

-  91.0 

-  95.7 

-  99.7 

-  103.3 

1.04 

1.08 

1.10 

1.12 

1.13 

1.14 

1.15 

1.16 

1.166 

1.172 

1.177 

1.188 

1.19 

1.194 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

2.  FULL  PRESSURBL 


The  action  of  the  compressed  air  at  full  pressure  is  as  follows  :  The  air  entoTS 
the  cylinder  and  follows  the  piston  throughout  the  stroke  at  full  pressure  p^. 
The  pres^jore  and  volume  remain  the  same,  and  theie  is  therefore  Xko  change  of 
temperature.  At  the  end  of  the  stroke,  the  exhaust  opens  and  the  pressure  of  the 
air  suddenly  faUs  from  j9,  to  J94,  with  a  corresponding  lowering  of  temperature 
from  Ti  to  T^, 

Thus  the  work  is  performed  within  the  cylinder  without  any  change  of  the 
internal  energy  of  the  air,  and  the  work  corresponding  to  the  change  of  temper- 
ature from  T,  to  2*4  is  lost  in  the  exhaust. 

*  [Mr.  Willis  omits  at  this  point  a  discosrlon  by  Hons.  Pemolet,  from  which  he  deduces  sn 
expression  for  the  ratio  -p-  of  the  efficiencies  of  a  single  and  doable  eyliilder  air  engine  with 


the  compressor.     The  resolt  obtained  is  -—  = 


C  _       2 


y  which,  Mr.  Willis  obsenree,  is  coirect 


+  1 


^I* 


as  far  as  it  goes,  bnt  is  based  upon  the  mipposition  that  ^=  -=- .    From  Eq.  CI.  we  see  that 


*--i 


C  =  ^  ^ j^_i     »  ■»*  hence  the  value  deduced  for  -^    ^1  M*  l*«niolot  is  approxl- 


mately  true  for  short  distances  only.] 
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Disposable  WorJb.^The  ayailable  or  disposable  work  for  one  second  is  equal 
to  the  pressure  ^i  less  the  back  pressure  j)^,  into  the  volume  Va  ;  Vs  represent- 
iDg  the  volume  of  the  weight  G  of  air  used  per  second  at  the  pressure  j).,.  Hence 


But 


therefore 


L4=  ^3(l>3-i'4). 


-A  Pi 


L,=  ^ic,-c.)T,(l-f^ 


=  58.268r,ff 


C-s) 


(CVII.) 


m  English  measures. 

This  equation  gives  a  simple  value  for  the  disposable  work  in  terms  of  the 

mitialtemperatu««.d  of  the  preasure  ratio  f. 

But  for  the  purpose  of  further  discussion,  it  is  desirable  to  obtain  an  expression 

G 
of  the  form  -j  Cp  (T^  —  Tt\  as  is  the  case  for  complete  expansion. 

This  may  be  readily  done  by  placing 

i-=f«v-«.)r,(i-|^)=|Mr.-r.). 

* 

where  T»  is  an  unknown  quantity,  and  (T^  —  T,)  denotes  the  degree  of  expan- 
sion which  would  give,  with  complete  expansion,  the  same  disposable  work  as 
that  obtained  at  fuU  pressure. 

Solving  the  above  equation  we  obtain 

5-  =  J+^|*  =  0.71+0.29:£l  .    ...    (CVin.) 

From  this  formula  the  values  in  the  following  table  have  been  calculated  : 


p* 

TV 

P% 

Pa' 

TV 

2 

0.855 
0.807 
0.788 
0.768 
0.759 
0.752 
0.746 

9 

10 

11 

12 

0.742 
0.739 
0.736 
0.784 
0.782 
0.731 
0.730 

8 

4 

5 

6 

18 

14 

15 

7 

8 
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It  is  important  to  distinguish  that  T»  and  T^,  the  temperatoie  of  ezhaiui  for 
full  pressure,  have  no  direct  relation  to  each  other. 

Thus 


,     whUe     ^  =  0.71  +  0.29^ 
-'j  Pi 


Ta  is  a  theoretical  temperature,  which  has  no  actual  existence  in  the  action  of 
the  air  at  full  pressure.  It  simply  means,  that  if  an  engine  worked  with  com- 
plete expansion  between  T^  and  jT,,  this  engine  would  do  the  same  work  as  the 
full-pressure  engine  does  between  T^  and  T4.* 


Final  Temperature, — ^The  final  temperature  T^  is  found  from 


T,      \pj 


k 


for  the  expansion,  on  opening  the  exhaust  takes  place  rapidly,  and  according  ta 
the  adiabatic  law. 

This  relation  is  the  same  as  that  already  given  for  complete  expansion,  and 
the  values  of  T4,  in  table  on  page  8^,  APply  &]^  for  full  pressure  for  the  same 

ratios  of  ^ . 
P 

Compariaon  of  Effleienciee  for  FuU  Pressure  and  Complde  Expansion. — ^We 
have  already  found  an  expression  for  the  efficiency  of  an  air  engine  working  with 
complete  expansion,  and  its  compressor,  and  hare  given  the  values  of  C,  calcor 
lated  from  the  approximate  formula 

in  the  table,  page  890. 

If  we  denote  by  C'  the  efficiency  of  an  air  engine  acting  at  full  pressure,  with 
its  compressor,  we  have 

f(,v-»r.(i-|^) 

4       ~  k  —  l 


S-4(lr)""-'] 


*  L^r.  Willis  calls  attention  to  this  point,  because  Mons.  Pemolet  distinctlf  states  that  7/  It 
7«,  and  then  dedaces  the  qnantities  given  in  his  table  riii.,  p.  68  of  '*  Voir  comprimi^^*  under 
tliis  assnmption.    The  results,  therefore,  of  the  last  three  column's  of  that  table  are  Incorrect.] 
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887 


Hence 


^.  __Cp  —  e» 


1-^ 


Pz 


=  0.20 


"  (I;)--    (f:) 


*    -1 


.    (CIX.) 


It  b^mg  assumed  that,  as  before. 


Px 


^,  and    r,  =  527.4' 
P\ 


BflBclency 

Efficiency 

. 

Pa 

for 
complete  |      fall 

P% 

for 
complete  i       fall 

C 

P4 

ezpAneion 

preseare 

Pa 

ezpansion 

preMore 

i  ' 

C 

r. 

c. 

^'. 

2 

0.82 

0.65 

0.79 

9 

0.58 

0.29 

0.55 

3 

0.73 

0.61 

0.70 

10 

0.51 

0.275 

0.54 

4 

0.67 

0.44 

0.66 

11 

0.50 

0.26 

0.52 

6 

0.68 

0.89 

0.62 

12 

0.49 

0.25 

0.51 

8 

0.59 

0.85 

0.59 

18 

0.48 

0.24 

0.50 

7 

0.57 

0.88 

0.58 

14 

0.47 

0.28 

0.49 

8 

0.56 

0.81 

0.56 

15 

0.46 

0.227 

0.49 

Weight  of  Air  per  Second. — If  Nis  the  number  of  horse-power  required,  and 
17  the  efficiency  of  the  air  engine,  we  have  ' 


vLd  =  660iV^=  ffi&jmGT^ 


(-!:)• 


Hence 


G=z 


550 
58.268 


N 


vTt 


C-S) 


=  10.825 


N 


vTt 


(-li) 


.    (CX.) 


in  English  measores. 
Or  we  may  place 


vLd  =  V^h{T^-T,)  =  ^ISXiN, 


whence 


G  = 


550^ 


0^  N  _^  N 


.    .    .    (CXI.) 


in  English  measures. 
22 
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Tliis  last  expression  is  perfectly  similar  to  Equation  C,  page  829,  for  com- 
plete expansion. 

Volume  of  the  Cylinder. — ^The  volume  of  the  cylinder  is  s^  ,  n  denoting  the 
number  of  revolutions  per  second.    From  the  formula 


we  obtain 


7'  =  Il  =  ?5? ^ =  275  ^ 


2n         2  ntf  (j?,  -  p^)  ntf  {p^  -  pj ' 

Or  we  may  place 

.     "^   "  2»  -  24  ^  p7  • 


8.  INCOMPLETE  EXPANSION. 

When  the  air  is  cut  off  at  such  a  point  that  the  pressure  at  the  end  of  the 
stroke  is  still  greater  than  that  of  the  atmosphere,  We  have  to  deal  with  three 
sets  of  conditions,  viz., 

1.  The  initial  conditions,  p^,  F3,  and  7^,. 

2.  The  conditions  at  the  end  of  stroke,  p^,',  F4',  T^*. 
8.  The  conditions  at  exhaust,  j?4,  7!|,  V4. 

Disposable  Work. — The  disposable  work  is  the  work  at  full  pressure,  p^  F,, 

G 
plus  the  work  of  expansion  -^  c^^T^  —  T^,^  less  the  work  of  the  back  pressure 

p^  F4'.    Hence 

L4  =Pi  Fa  +  I  c«  (r,  -  T,')  -i?4  F4'. 


This  expression  is  not  convenient  for  use,  hence  we  seek  a  theoretical  quantity, 
Tn  which,  inserted  in  the  expression  for  disposable  work  for  complete  expansion, 
will  give  the  same  value  for  Ld  as  would  be  obtained  by  the  expression  above. 
This  is  precisely  similar  to  what  we  have  done  for  full  pressure.  We  obtain  Tt 
from  the  expression 

Substituting  for  F3  and  F4'  their  values,  -j  (cp  -  Cr)  ~  and  -j  (tp  ^e^)—, 

A.  P2  A.  ©4 
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G 

and  divided  through  by  -j ,  we  obtain 

Pa 


or  by  reduction 

P* 
whence 


^^5,  «i,-«,^   1   *-iP, 

This  expression  is  the  same  as  GVIII.,  found  on  page  885,  for  full  pressure. 

T 
Therefore  the  values  given  in  the  table  on  page  885,  for  7=^  hold  good  here  also 

•*« 

#     ^' 

for  ^Ti  • 

We  have  then 

i^=5^(r.-r.)=|«,r.(i-g) 

and 

iid=|«,r,  (i-^,g) (cxni.) 

The  values  of  7=^  and  -^  are  easily  found  from  the  fables  on  pages  884  and 

885,  when  the  ratio.-—  and  —.  are  ffiven. 

P3  P*  ^ 

WeigJU  of  Air  per  Second  and  Volume  of  Cylinder, — ^Fiom  the  formula 

T         ^     //r        /TTx      550JV  , .    . 

Ld^-jCp (Ts  —  Ti)  = we  obtain 

-d  77 

_       nSOAN       _  8         N 

in  English  measures. 

This  expression  agrees  exactly  with  that  given  on  page  829  for  complete  ex- 
pansion. 

For  the  volume  of  the  cylinder  we  have 

2n  p^' 
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If  in  this  expression  we  snbstitute  for  O  the  ralues  jnst  deduced,  we  get 

V  =  275  — ""  ^"   ^  ^^' 


cp       Tfn  p,' {T^  ^  T'Y 


since  for  R  we  can  substitute  ^^__?E .    This  reduces  to 


F  =  275*"^  ^ 


k      tm 

Pa 


or 


F  =  79.75  —  7fr-^, ^rr (CXV.)* 


Graphic  RepresmUUion  of  the  Theory  of  Compressed  Air  Engines,— The  gen- 
eral expression  for  the  available  work  of  an  air  engine,  which  includes  all  three 
cases  of  complete  expansion,  full  pressure,  and  incomplete  expansion,  is  then  the 
Eq.  GXIIL,  found  on  page  889,  viz., 

or  in  English  measures 

U  =  188.35(?r,  (1-57  57)  •    .    .    .    (CXVI.) 
We  have  shown  that 

^  =  0.71+a89£!, 

and 


k 


*-l 


Substituting  these  values  we  obtain 

lid  =  188.85(?r3ri- (0.71  + 0.29^7 Vg^^    *    1 

whence 

Li 


ISSMGT^ 


=  1-  (o.n  +  o.29|;^)(|^)  *  .  .  (cxm) 


*  [This  expression,  Mr.  Willis  observes,  corresponds  to  that  given  by  Mons.  Pemolet,  p.  64 
of  "  Voir  eomprtme^  bat  the  latter  is  defective  in  that  it  contains  no  factor  representing  the  effi- 
ciency of  the  air  engine.] 
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wehaye 

y  =  1  -  (0.71  +  0.29X)  — (CXVin.) 

which  is  the  equation  of  a  surface  whose  co-ordinates  are  x,  y,  and  z. 

If  in  this  equation  we  suppose  z  known,  and  therefore  —  =  a  constant  =  (7, 

we  have 

y  =  1  -  (0.71  +  0.2ftc)  C7, 

which  is  the  equation  of  a  straight  line. 

Hence  if  we  give  to  z  yarious  values  from  1  up  to  any  desirable  limit,  we  shall 
get  a  corresponding  number  of  equations  of  straight  lines,  in  which 


y  = 


La 


183.85(?r 


depends  upon  the  disposable  work  and 

P* 

Since  «  =  ^, ,    and    a;  =  — , ,  we  have 
Pa  Pa 

^     P^      ^» 
-=— — ,    or 

X        i>4 
1>3  =  %4 (CXIX.) 

Now  j>4  is  the  pressure  of  the  exterior  air  =  1  atmosphere.  Hence  the  initial 
pressure 

i>.=|atmoepheie.. 

Let  us  assume  that  we  have  given  the  number  of  disposable  foot-lbs.  of 
work  required  per  second,  the  weight  6^  of  air  to  be  used  per  second,  and  the 
initial  temperature  T^.    From  these  data  we  can  calculate  y. 

If  now  we  have  a  diagram  upon  which  are  drawn  the  lines  whose  equations 
are  of  the  form 

y  =  l-(0.71  +  0.2ftr)C7, 

i7e  can  read  off  from  it  the  values  of  x  and  z  that  will  give  the  desired  value  of 
y.    In  other  words,  we  can  find  at  once  the  initial  pressure  -  in  atmospheres,  and 

X 
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the  degree  of  expansion  z  =   —,  that  will  give  the  required  power  with  the  given 

weight  of  air  per  second. 

Such  a  diagram  has  been  constructed  (see  diagram  at  end  of  this  chapter),  in 

which  the  values  of  z  or  "^  range  from  1  up  to  10. 

Conatritetion  of  the  Dtagram, — Let  the  plane  of  the  paper  upon  which  the 
diagram  is  drawn  be  a  horizontal  plane,  whose  vertical  ordinate,  referred  to  the 
same  origin  as  the  surface,  is  ^  =  1.    The  equation  of  the  surface,  when  z  is  con* 

stant,  that  is,  when  ^,  is  given,  is  the  equation  of  a  straight  line, 

Pi 

y  =  1  -  (0.71  +  0.2ftr)  C. 

If  now,  in  this  equation,  we  fix  the  value  of  x,  and  calculate  the  correspond- 
ing value  of  y,  we  can  construct  a  point  of  this  line.  By  finding  two  such  points 
we  can  draw  the  line. 

The  most  convenient  values  for  a;  are  a;  =  0  and  x  =  1.    These  give  us 

^  i^  ■    -i      0.71      ^  0.171  ,      ^  _  T,' 

for  a;  =  0,       y  =  1  -  -—  =  1  -  —  -^^  =  1  -  0.71 


fe)"^ 


and 

fora;  =  l,       y  =  l-_  =  l-^. 

Now  for  any  given  values  of  z  or  ^  we  can  find  -^  from  the  table  on  page 

P*  ■*'i 

T 
171,  under  the  head  of  v^r  >  &nd  thus  can  easily,  calculate  y. 

•«  t 

The  second  result  is  given  by  the  intersection  of  the  horizontal  line  0.28  with 
the  line  «  =  2.    The  value  of  2;  is  0.61.    Hence 

l>3  =  —  =  -rr-^  =  8.27  atmospheres. 

That  is,  if  the  cut-ofF  is  such  that  the  pressure  is  reduced  by  expansion  to  4,  the 
engine  will  give  50  II.  P.  with  one  pound  of  air  at  an  initial  pressure  of  8.27 
atmospheres. 

The  third  intersection  gives  us ;?  =  8  and  x  =  0.95,  henoe 

^3  =  —  =  8.15  atmospheres. 

There  are,  of  course,  many  other  degrees  of  expansion,  with  their  correspond- 
ing initial  pressures,  intermediate  between  those  just  found,  that  will  give  the 
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required  result,  but  which  do  not  appear  on  the  diagram  because  the  diagonal 
bnes  corresponding  to  the  ratio  —  are  not  drawn. 

In  order  that  the  initial  pressure  may 
be  found  for  any  degree  of  expansion, 
the  curves  zBC  and  x-^B'C  are  intro- 
duced. 

These  are  obtained  as  follows : 

If  we  intersect  the  surface  whose  equa- 
tion is 

y  =  l-(0.71  +  0.29i:);i- 

by  any  plane  parallel  to  the  plane  YOZy 
X  is  for  that  intersection  a  constant,  and 
the  equation  of  the  curve  of  intersec- 
tion is 

y  =  1  -  (0.71  +  0.29a)  -; .  ir,o.  57. 


The  values  of  y  can  then  be  laid  ofF  upon  the  vertical  lines  X,}  Fand  X,  T'  in 
the  diagram,  and  the  straight  lines  EE'  drawn  through  each  two  points  which 
have  a  common  value  for  Z» 

For  each  of  these  lines  zz'  there  is  a  certain  given  value  for  z  or  — , ,  hence 

P* 
each  line  corresponds  to  a  given  degree  of  expansion,  which  is  denoted  by  the 

figures  1,  2,  8,  etc.,  written  at  the  intersections  of  the  lines  with  x^y'. 

To  illustrate  the  use  of  this  portion  of  the  diagram,  let  us  assume  a  case. 

Given  an  engine  of  50  H.  P.  which  is  to  use  1  pound  of  air  per  second.  Re- 
quired the  amount  of  expansion  and  initial  pressure  which  will  give  this  re- 
sult. 

We  have  irf  =  550  x  50  =  27500  ft.-lbs.,  and  we  may  assume  T,  =  527.4" 
Fahr.    We  have  then 


y  = 


Im 


27500 


183.856'ri  "  183.85  x  1  x  527.4 


=  0.28. 


Find  0.28  on  the  line  XoF,  and  following  it  horizontally  across  the  diagram, 
we  can  determine  three  methods  of  arriving  at  the  desired  result. 

The  horizontal  line  first  intersects  the  diagonal  line  for  2;  —  1,  or  the  line  of 
full  pressure,  at  a  point  whose  abscissa  is  ^z;  =  0.082.    Hence  • 


1^.  =  -  = 


0.082 


=  81.25  atmospheres. 


That  is,  if  the  engine  works  at  full  pressure  and  uses  1  pound  of  air  per  se- 
cond, the  air  must  have  a  pressure  jjj  =  81.25  atmospheres  to  give  50  H.  P. 
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If  now  we  make  2  =r  a  =  0,  and  a;  =  (T  =  1,  we  shall  get  the  eqnatioDs  of  two 
inteiBections  of  the  surface,  viz., 


and 


for  a?  =  0,       y  =  1 , 


for  a;  =  1,       y  =  1  —  — . 


If  we  reYolye  the  intersecting  plane  about  its  line  of  intersection  with  the 
drawing  paper,  the  curve  of  intersection  with  the  surface  takes  the  positions  tBC 
BudXiB'C 

In  this  position  we  can  construct  them,  remembering  that  since  tlvB  plane  of 
the  drawing  paper  is  assumed  to  have  a  vertical  ordinate  2;  =  1,  we  must  lay  o£F 
z  —  1  instead  of  2r  in  the  direction  XqXi  from  re,,  and  x^. 

If  now  we  have  any  value  for  z,  whose  diagonal  line  is  not  given  in  the  dia- 
gram, we  seek  the  points  on  the  curves  £BC  and  x^B'C*  which  correspond  to 
this  desired  jet,  and  project  these  points  upon  the  lines  Xyxy  and  Xyy*,  Connecting 
these  two  projections,  we  have  the  desired  diagonal  line,  and  may  then  proceed  to 
find  the  initial  pressure  that  will  give  any  desired  power  with  this  amount  of 
expansion. 

It  may  be  required  to.find  the  initial  pressure  which  will  give  fl(nne  desired 
power  at  complete  expansion. 

In  this  case  j»4'  ^p^  and  therefore 


hence 


Pa.' 


P.=J=«. 


Having  found,  therefore,  from  given  data,  the  value  of  y,  for  instance,  in  the 
example  assumed,  y  =  0.28,  we  follow  the  corresponding  horizontal  line  across  to 
its  intersection  with  the  curve  x^B'G't  for  in  the  equation  of  this  curve  a;  =  1. 
The  value  of  z  for  the  point  of  intersection  is  read  off  on  the  bottom  line  of  the 
diagram,  and  we  havep,  =  z  atmospheres,  or,  in  the  assumed  example,  p^  =  8.12 
atmospheres. 

The  case  may  arise  in  which  we  hare  given  the  desired  power,  the  weight  of 
air  per  second,  and  the  initial  pressure,  required  the  amount  of  expansion. 

g 
We  have  j>a  =  — »  hence  z  ^p^x. 

X 


If  therefore  we  can  draw  upon  the  diagram  curves  of  constant  initial  preasare, 
from  which  for  a  given  y  we  can  readily  ilnd  a;,  s  is  easy  to  calculate. 

Such  curves  aro  drawn  upon  the  diagram.    To  construct  them,  we  take  the 
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z 
equation  x  =  — .     For  instance,  assume  p^  =  10  atmospheres,  and  give  to  z 

Pi 
various  values  from  1  up  to  10. 

For  each  value  of  z  we  have  a  value  of  x,  which  we  can  fix  on  the  diagonal 

corresponding  to  that  z.    Through  the  points  thus  obtained  we  draw  the  curve. 

If  now  we  desire  to  know  the  degree  of  expansion  that  will  give  50  H.  P.  from  1 

pound  of  air  per  second  at  an  initial  pressure  of  10  atmospheres,  we  have  as 

before  y  =  0.38.    Following  this  horizontal  line  to  its  intersection  with  the  curve 

of  constant  initial  pressure  ^^  =  10  atmospheres,  we  get  2;  =  0.118,  hence 

«  =  ^  =  i?sa;  =  1.13. 
Pa 

There  are  one  or  two  points  connected  with  the  diagram  to  which  it  is  well  to 
call  attention. 

A  small  variation  in  the  value  of  x  makes  considerable  difference  in  the  degree 
of  expansion.  That  portion  of  the  diagram  upon  which  x  is  read  off,  is  therefore 
drawn  on  a  scale  twice  that  assumed  for  z.  For  the  same  reason  the  scale  upon 
which  y  is  measured  is  very  much  greater  than  either  of  the  others.  The  scale 
for  measurement  on  the  curve  EEC  is  the  same  as  that  for  XiB'C,  and  is  found 
at  the  top  of  the  diagram. 

VaricUiona  of  Work  with  DiffererU  Degrees  0/ ^ajpoiwton.— Referring  to  the 
diagram,  we  see  that  the  curves  of  constant  initial  pressure  have  a  horizontal 
tangent  at  their  intersections  with  the  line  of  complete  expansion  a;,y',  where 
x=l,  and  that  their  curvature  is  slight  for  some  distance  from  this  point.  Since 
y,  the  representative  of  the  disposable  work,  is  measured  vertically,  we  see  that 
the  loss  of  work  is  not  very  great  when  the  expansion  is  not  complete  within 
certain  limits.  Assume,  for  instance,  that  we  have  an  engine  working  with  com- 
plete expansion  and  initial  pressure  =  10  atmospheres.  We  find  y  =  0.487. 
Assume,  now,  that  with  the  same  initial  pressure  we  cut  off  at  such  a  point  that 

«  =  -2^  z=  5.    Then  x=  —  =  0.5.    Seeking  on  the  diagram  for  the  curve  of 

P*  Pi 

constant  initial  pressure  p^  =  10,  the  value  of  y  for  the  abscissa  x  =  0.5,  we  find 

y  =  0.463. 

The  loss  of  work  is  then  0.487  -  0.418  =  0.06  per  cent.  The  point  of  cut-off 
is  readily  found  from  the  equation 


P 
P 


j=(g)' 


Referring  to  table  on  page  171,  we  find  for  ^  =  5,  ^  =  0.819. 

That  is,  cutting  off  at  about  i  the  stroke,  we  lose  but  0.05  per  cent,  of  the 
work. 

Influence  of  the  Vapor  of  Water  Contained  in  the  Air.— The  preceding  dis- 
cussion has  been  based  on  the  assumption  that  the  air  acted  upon,  or  acting,  was 
dry,  and  followed  the  laws  of  perfect  gases. 
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In  practice  water  is  alwa3r3  injected  into  the  compressing  cylinder,  to  keep 
down  the  final  temperature,  and  the  working  medium  is  therefore  a  mixture  of 
water  with  air  saturated  with  vapor  of  water.  M.  Pemolet  has  discussed  at 
length  the  influence  of  water  and  its  vapor  upon  the  work  of  compression,  the 
disposable  work  of  the  compressed  air,  the  final  temperature  in  the  compressor 
and  the  air  engine,  etc.     He  concludes  from  his  discussion, 

1.  That  the  influence  of  the  vapor  of  water  upon  the  work  of  compression,  as 
well  as  upon  the  disposable  work  of  the  compressed  air  is  relatively  slight,  and 
can  be  neglected  in  all  approximat-e  calculations  for  which  the  formulae  deduced 
for  dry  air  are  sufficiently  correct. 

2.  Vapor  of  water  in  the  compressor  and  in  the  air  engine  reduces  materially 
the  final  temperature  of  compression,  and  raises  the  final  temperature  of  expan- 
sion. 

The  assumption  that  compression  and  expansion  take  place  according  to  the 
adiabatic  law  is  also  not  strictly  true,  because  the  walls  of  the  cylinder  are  always 
either  repeiving  heat  from  or  imparting  heat  to  the  air. 

An  analysis  of  this  question  by  M.  Mallard  shows  that  the  quantity  of  heat 
thus  transmitted  is  small,  and  may  be  neglected. 

Thus,  for  all  practical  purposes,  the  formulae  deduced  for  dry  air  acting  adia- 
batically  are  sufficiently  accurate. 


EXAMPLES    FOB    PRACTICE. 

1.  If  the  specific  heat  of  mercury  under  constant  pressure  is  0.033,  how  many 
pounds  at  the  temperature  of  240'  will  be  necessary  to  raise  12  pounds  of  water 
from  50  to  58'  ?  Ana.  16  lbs. 

2.  Let  w  be  the  weight  of  one  body,  ^  its  temperature,  and  c  its  specific  heat. 

Let  io'  be  the  weight  of  a  second  body,  t""  its  temperature,  and  &  its  specific 
heat 

What  b  the  temperature  x  of  the  mixture  ?  Ana.  x  = ,  .    . 

*^  tec  -h  u/&  ' 

8.  Reduce  -  40"  Fahrenheit  to  Centigrade.  Ana.  -  40% 

Reduce  —  273'  C.  to  Fahrenheit.  Ana.  -  459.4. 

4.  How  do  you  reduce  generally  Fahrenheit  to  Centigrade  degi^es  ? 

Ana.  ?  C.  =  F.  -  32. 

5.  What  outer  work  is  performed  when  1  kilogram  ^f  air  is  heated  under  the 
pressure  of  the  atmosphere  from  0"*  to  1"  C  ?  Ana.  29.272  meter-kii. 

6.  What  outer  work  is  performed  when  1  pound  of  air  is  heated  under  the 
pressure  of  the  atmosphere  from  0'  to  1   F.  ?  Ana.  53.299  foot-lbs. 

7.  If  the  specific  heat  for  air  under  constant  volume  is  0.16844,  and  under 
constant  pressure  0.23751,  what  is  the  mechanical  equivalent  of  heat  in  French 
measures  ?  Ana.  4S^  meter-kil. 

8.  If  10  cubic  feet  of  air  are  heated  from  0'  to  10°  C,  what  is  the  new  vol- 
ume ?  Ana.  10.367  cubic  feet 

9.  What  is  the  density  ?  Ana.  0.9646. 

10.  If  two  kilograms  of  water  are  heated  under  atmospheric  pressure  from  0^ 
to  100"  C,  what  expenditure  of  work  is  equivalent  to  the  heat  imparted  ? 

Ana.  84800  meter-kil. 

11.  What  is  the  weight  of  8  cubic  meters  of  air  at  atmospheric  pressure  and 
20"*  C.  temperature  ?  Ana.  3.615  kilograms. 

12.  What  is  the  volume  of  2  kilograms  of  air  at  the  temperature  of  100°  C, 
and  pressure  of  2  atmospheres  ?  Ana.  1.0565  cubic  meters. 

13.  What  is  the  pressure  of  4  kilograms  of  air,  when  the  volume  is  2  cubic 
meters  and  temperature  200°  C.  ?  Ana.  27691.3  kil. 

14.  What  is  the  temperature  of  8  kilograms  of  air,  when  the  pressure  is  6 
atmospheres  and  volume  2  cubic  meters  ?  Ana.  256.55°. 

15.  What  work  is  performed  by  10  kilograms  of  air  at  2  cubic  meters  volume, 
and  5  atmospheres  pressure,  when  it  expands  to  6  cubic  meters,  overcoming  an 
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outer  pressure  equal  at  any  moment  to  the  tension,  the  temperature  being  kept 
constant  ?  uifw.  114216  meter-kil. 

What  is  the  constant  temperature  during  expansion  ?  An6.  80'  C. 

What  is  the  final  pressure  ?  Aiks.  1.66  atmos. 

How  much  heat  must  have  been  imparted  during  expansion  in  order  to  keep 
the  temperature  constant  ?  An^.  269.4  heat  units. 

16.  If  2  kilograms  of  air,  having  the  volume  of  8  cubic  meters,  expands  as 
above,  performing  work,  from  the  pressure  of  4  atmospheres  down  to  one  atmos- 
phere, and  the  temperature,  during  expansion,  remains  constant,  what  is  the 
work  done  ?  Ans,  171805  meter-kiL 

What  is  the  constant  temperature  during  expansion?  Aim.  1845°  C. 

What  is  the  final  volume  ?  An^.  12  cubic  meters. 

How  much  heat  must  have  been  imparted  during  expansion? 

Aim.  405.2  heat  units. 

17.  If  a  blowing  engine  changes  per  second  10  cubic  feet  of  air,  at  a  pressure 
of  28  inches,  into  a  blast  at  a  pressure  of  80  inches,  what  is  the  work  per  second? 

AnB.  1366.4  foot-lbs.,  or  189  meter-kil.  per  sec.,  or  about  2.5  horse-power. 

What  is  the  volume  after  compression  of  the  10  cubic  feet? 

AnB.  9.88  cubic  feet 

If  the  temperature  is  60°  F.,  what  is  the  weight  of  10  cubic  feet? 

AnB.  0.72734  lbs. 

How  much  heat  must  have  been  abstracted  during  compression? 

Aim.  1. 77  heat  units  per  second. 

18.  If  one  kilogram  of  air  is  heated  imder  the  ])re8sure  of  the  atmosphere 
from  0^  to  1**  C,  how  much  work  does  it  perform  during  expansion? 

AihB.  29.272  meter-kil 

19.  If  one  pound  of  air  is  heated  under  the  pressure  of  the  atmosphere  from 
32**  to  83^  Fahrenheit,  how  much  work  does  it  perform  during  expansion? 

Aim.  58.268  foot-lbs. 

20.  What  is  the  weight  of  one  cubic  foot  of  air  at  atmospheric  pressure  and 
82 '  F.  temperature  ?  *  Ana.  0.08073  lbs. 

21.  What  is  the  weight  of  one  cubic  meter  of  air  under  the  same  pressure  and 
0°  G.  temperature  ?  Ana.  1.29318  kiL 

22.  If  under  the  piston  of  a  steam  engine,  whose  diameter  is  16  inches,  there 
is  a  quantity  of  steam  15  inches  high  and  at  a  tension  of  8  atmospheres,  and  if 
this  steam  in  expanding  moves  the  piston  25  inches,  what  is  the  work  done,  if 
we  assume  Mariotte's  law  to  be  true  for  the  expansion  of  steam?  and  what  is  the 
mean  force  upon  the  piston  when  we  neglect  friction  and  the  opposing  pressure? 

.^yw.  10866  foot-lbs.    5217  pounds. 

23.  If  a  given  weight  of  air,  say  2  kilograms,  at  a  temperature  of  80''  C.  ex- 
pands adiabatically,  performing  work,  till  ite  volume  is  doubled,  what  is  the  final 
temperature  ?  Ana.  —  44.9"*. 

'  What  is  the  original  volume?  Ana.  1.72  cubic  meters. 

What  is  ite  final  pressure  if  the  initial  pressure  is  1  atmo^here? 

Ana.  0.88  atmosphere. 

What  work  does  it  perform?  Ana,  10714.65  meter-kilograms. 

24.  What  is  the  G.  equivalent  of  15**  F.  ?  Ana.  -  9.444. 

25.  Zinc  boils  at  1204'  F.,  mercury  at  608**  F.    Change  these  readings  to  C. 

Ana.  650'  C.  and  ^'  C. 
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26.  Change  the  following  readings  :  Polished  steel  is  of  a  deep  blue  color  at 
SSO"*  F.  ;  polished  steel  is  of  a  pale  straw  color  at  460'  F.  ;  sea-water  freezes  at 
28''  F.  An9.  304.5 '  C. ;  287.76"  C. ;  -  2.2°  C. 

27.  At  0**  C.  a  cast-iron  beam  is  12  feet  long.  What  is  its  length  at  1000°  C, 
supposing  the  law  of  similar  increments  to  hold  for  that  temperature? 

Ana.  12.18524  feet. 

28.  At  25"  C.  a  bar  of  wrought  iron  was  16  feet  long.  What  is  its  length  at 
96"  C.  ?  Am.  16.01408  feet 

20.  By  how  much  would  the  length  of  a  submarine  copper  cable  at  0"  shorten, 
if  the  temperature  became  —  20"  C.  ?  Am.  0.0003434  of  the  length  at  0". 

80.  A  wheel  of  wrought  iron  has  an  inside  diameter  of  5  feet  when  at  the 
temperature  of  070"  C.    What  is  its  diameter  at  0"  ?  Am.  4.9  feet 

81.  A  cylindric  plug  of  copper  just  fits  into  a  hole  4  inches  in  diameter  in  a 
piece  of  cast  iron.  After  heating  the  mass  to  the  temperature  of  1240*',  by  how 
much  is  the  diameter  of  the  hole  too  small  for  the  plug  ?     Ans.  0.0293  incnes. 

82.  Two  rods,  one  of  copper  the  other  of  iron,  measure  9.8  decimeters  each  in 
length  at  0".    What  is  their  difference  in  length  at  57°  ? 

Ana.  0.0027  decimeters. 

88.  The  wooden  pattern  of  a  cast-iron  beam  must  be  longer  than  the  casting 
at  0\  For  a  beam  12  meters  long  at  0",  what  is  the  length  of  pattern  ?  Cast 
iron  melts  at  1580"  C.  Am.  12.207  meters. 

84.  What  amount  of  work  is  InTolved  in  lifting  70  lbs.  6  feet  hiffh  ? 

Alls.  420  foot-pounds. 

85.  What  work  is  iuTolyed  in  lifting  9000  cubic  feet  of  water  46  feet  ?  (A 
cubic  foot  of  water  weighs  64.4  lbs.)  Aim,  25888600  foot-pounds. 

How  many  units  of  neat  (English)  does  this  correspond  to  ?       Ans.  88463. 

86.  What  work  is  involved  in  a  piston  moving  6  feet  under  an  effective  pressure 
of  17  lbs.  per  sq.  inch,  its  area  being  1670  sq.  inches  ?  Ans.  170840. 

87.  The  piston  of  a  steam  engine  is  21  inches  in  diameter,  stroke  6  feet,  mean 
pressure  16  lbs.  per  sq.  inch  ;  the  engine  makes  40  revolutions  per  minute. 
What  is  the  horse-power  (English)  ?  Am.  80.6144. 

88.  What  time  will  be  taken  by  a  steam  engine  of  64  H.  P.  to  lift  5860  tons 
of  water  20  feet  ?  Am.  114  minutes. 

89.  How  many  heat  units  (English)  per  hour  are  involved  in  the  idea  of  62 
H.  P.  ?  >»-/*'  ^^   88912.82. 

40.  A  cubic  mile  of  water  is  to  be  lifted  from  a  depth  of  2  feet  in  800  hours. 
How  many  H.  P.  of  a  steam  engine  is  necessary  ?  A  cubic  foot  of  water  weighs 
62.4  lbs.  Am.  11597.6  H.  P. 

41.  The  resistance  of  friction,  etc.,  to  a  train  is  a  force  equivalent  to 'the 
weight  of  600  lbs.  How  many  H.  P.  of  the  locomotive  will  draw  the  train  at  the 
rate  of  85  miles  an  hour  ?  Am.  56  H.  P. 

42.  How  many  cubic  feet  of  water  will  an  engine  of  10  H.  P.  raise  from  a 
depth  of  150  feet  in  24  hours  ?  ^  Am.  50770  cubic  feet 

48.  What  work  is  performed  on  a  train  weighinff  500  tons  in  8  miles  of  a  level 
load,  the  resistance  to  traction  being  vlirth  of  the  load  ?  If  this  work  were  done 
in  6  minutes,  what  would  be  the  H.  P.  of  the  engine  ? 

Am.  65'336000  foot-pounds.    882  H.  P. 
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44.  Suppose  the  resistance  to  the  prog^ress  of  a  vessel  weighing  1260  tons  to  be 
18  lbs.  a  ton  when  the  speed  is  6  knote,  and  that  the  resistance  varies  as  the 

Xire  of  the  speed  ;  what  work  will  be  done  by  a  vessel  in  5  nautical  miles,  and 
t  will  be  the  H.  P.  of  the  engine  when  the  speed  is  12  knots  ?  There  are  6060 
feet  in  a  nautical  mile,  and  a  hSat  is  a  velocity  of  one  nautical  mile  per  hour. 

Am.  About  2757894000  ;  33^.88  H.  P. 

45.  What  amount  of  work  will  be  spent  in  the  friction  of  a  weight  of  6  tons 
dragged  along  a  level  table  for  a  length  of  7  feet,  when  the  coefficient  of  friction 
is  0.^  ?  What  will  be  the  H.  P.  of  an  engine  which  would  do  this  work  in  one 
second  ?  Ans.  22108.8.   40.19  H.  P. 

46.  In  a  cylinder  we  have  2  kilo^ms  of  air  at  a  tension  of  1^  atmospheres 
and  a  temperature  of  30  C.    What  is  the  volume  of  this  air  ? 

Ana,  1.14436  cubic  meters. 

If  this  air  expands  adiabatically  till  the  tension  is  1  atmosphere,  what  will  be 
the  final  temperature  ?  Ans.  —  3.4^ 

What  will  be  the  final  volume  ?  Ana.  1.5258  cub.  meters. 

What  work  does  it  perform  ?  Ana.  4771.6  meter-kiL 

How  many  units  of  heat  disappear  ?  Ana.  11.2537  heat  units. 

47.  If  8  cubic  meters  of  air  at  150°  and  a  pressure  of  4  atmospheres  expands 
adiabatically  to  double  its  former  volume,  what  is  the  final  temperature  ? 

Ana.  77.6*. 

What  is  the  weight  of  this  air  ?  Ana.  10  kiL 

What  is  the  work  performed  ?  Ana.  51716  meter-kiL 

48.  If  10  kilograms  of  air  occupy  a  space  of  2  cubic  meters,  under  a  pressure 
of  6  atmospheres,  what  must  be  the  temperature  ?  Ana.  150.64^. 

If  it  expands  adiabatically  till  the  final  temperature  is  48%  what  is  the  final 
volume  ?  Ana.  3.94  cub.  meters. 

What  is  the  final  pressure  ?  Ana.  2.3  atmoa. 

What  is  the  work  done  ?  Ana.  78316.8  meter-kiL 

49.  Two  kilograms  of  air  at  10*"  is  heated  under  constant  atmospheric  press- 
ure till  the  temperature  is  80".    What  is  the  initial  volume  ? 

Ana.  1.603  cub.  meters. 

What  is  the  final  volume  ?  Ana.  2  cub.  meters. 

What  is  the  work  done  ?  Ana.  4098  meter-kiL 

What  is  the  heat  imparted  ?  Ana.  33.25  heat  xinits. 

Of  this  heat  how  much  disappears  as  outer  work?  Ana.  9.66  heat  units. 

50.  Four  kilograms  of  air  at  20"  C.  and  under  atmospheric  pressure  is  heated 
and  expands  isopiestically.  After  expanding  till  its  volume  is  doubled,  what  is 
its  temperature  ?    What  was  its  initial  volume  ?  and  final  volume  ? 

Ana.  313".    3.32  and  6.64  cub.  meters. 

What  is  the  work  done  ?  Ana.  34806.8  meteivkiL 

How  many  units  of  heat  are  imparted  ?  Atu.  278.4  heat  units. 

How  many  disappear  as  outer  work  ?  Ank.  81  heat  units. 

51.  If  the  air  had  not  been  allowed  to  expand,  and  still  the  same  amount  of 
heat  had  been  imparted,  what  would  have  been  the  temperature  ?  what  the  press- 
ure ?  Ana.  431.34" ;  2.4  atmospheres. 

52.  If  one  kilogram  of  air  has  the  temperature  30"  and  the  pressure  of  1.5 
atmospheres,  and  is  cooled,  the  volume  remaining  constant,  till  the  pressure  is 
one  atmosphere,  what  is  the  final  temperature  ?  Ana.  —IV. 

What  is  the  amount  of  heat  abstracted  ?  Ana.  17.015  heat  units. 
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68.  If  one  kilogram  of  air  has  the  temperature  30",  and  is  heated  under  con- 
stant pressure  till  the  final  volume  is  ^  of  the  initial,  what  is  the  final  tempera- 
ture ?  Aii8,  131^ 

Aii8.  28.9885  heat  units. 


What  is  the  amount  of  heat  imparted  ? 
What  is  the  outer  work  ? 


Ans,  2056.5  meter-kil. 


54.  Suppose  one  kilogram  of  air  of  the  temperature  80"^  expands,  according  to 
the  law  pxVx'*  zzzp^v^*.  until  its  final  volume  is  |  of  its  initial.  What  is  the 
final  temperature  ?  Ans,  —  45. 75"*. 

What  is  the  outer  work  ?  Ana,  2217.35  meter-kil. 

What  is  the  specific  heat  in  this  case  ?  Ans.  0.09040. 

Must  heat  be  added  or  subtracted  during  this  expansion  ? 

Ans.  Subtracted. 

How  much  ?    •  Ana.  7.530  heat  units. 

55.  One  kilo^m  of  air  of  one  atmosphere  pressure,  SO"*  temperature,  expands 
adlabaticalljT,  without  overcoming  any  outer  pressure  till  its  volume  is  doubled. 
What  is  the  final  pressure  ?  Ans,  0.5  atmosphere. 

56.  Suppose  10  units  of  heat  are  added  during  expansion.  What  is  the  final 
temperature  ?  Ans.  79.35". 

What  is  the  final  pressure  ^  Ans,  0.581  atmos. 


REDUCTION     TABLES. 


TABLES  FOB  THE  OONVEBSIOK  OF  ENGLISH  AND  HETBIO  UNITS. 


1  Meter  =  8.2807  feet 

1  Foot  s  0  8048  meter. 

1  Liter  (vol.  of  1  kllog.  water)  «  0.2202  gal. 

1  Gallon  (vol.  of  10  Ibe.  water)  s  4.541  liters. 

1  KUogram  -  2.204ft  lbs.  nv. 

1  Kilog.  per  sq.  meter  =  0.2040  lbs.  per  sq.  ft 

1  Kilog.  per  sq.  mm.  =  1422.28  lbs.  per  sq.  inch. 

1  Lb.  per  sq.  in.  =s  108.0958  kilog.  per.  sq.  meter. 

lGTamsU.4828gr. 

1  Grain  =00648  gram. 

1  Meter-kilogram  =7.2381  foot'lbs. 


1  Foot-pound  =0.1388  meter-kllog. 

1  Atmosphere  =  14.7  lbs.  per  sq.  in.  s  10884  Idlog. 

per  sq.  meter  =20.922  inches,  or  760  mm.  of 

mercnry  =  88.9  ft,  or  10^  meters  of  wi^er. 
1  Pound  av. =a4586  kllog. 
Deg.Cent  =  J(F.'>-82). 
Deg.  Fahr.  =  ^  (C.»  +  82). 
1  Calorie  (kilog.  water  raised  1*  C.)  =424  meter- 

kilog.  =8.9683  Eng.  heat  units. 
1  Eng.  heat  unit  (lb.  water  raised  V  F.)  =  722  ft- 

lbs.  s  0.252  calorie. 


TABLE  I. 

FOB  OONVEBTINO  METERS  INTO  ISCSES. 


Meters. 

0 

1 

2 

8 

4 

5 

6 

7 

8 

0 

0 

0 

89.4 

78.7 

118.1 

157.5 

196.8 

286.2 

275.6 

815.0 

S54.8 

10 

888.7 

483.1 

473.4 

611.8 

551.2 

600.6 

629.9 

669.8 

T0a7 

748.0 

.  20 

787.4 

826.8 

866.1 

905.5 

944.9 

964.2 

1028.6 

1068.0 

1102.4 

1141.7 

80 

1181.1 

1220.5 

1259.8 

1299.2 

1888.6 

1877.9 

1417.8 

1456.7 

1496.1 

15354 

40 

1674.8 

1614.2 

1658.5 

1602.9 

1782.8 

1771.6 

1811.0 

1850.4 

1880.8 

1989.1 

50 

1968.5 

2iK)7.9 

2047.2 

2086.6 

2126.0 

2165.8 

2204.7 

8244.1 

2888.5 

2822^ 

60 

2862.2 

2401.6 

2440.9 

2480.3 

2519.7 

2650.0 

2906.4 

2637.8 

2677.2 

2716.5 

70 

2755.9 

2795.8 

2834.6 

2874.0 

2918.4 

2982.7 

2992.1 

8061.5 

8oro.9 

311QJS 

80 

8149.6 

8189.0 

8228.8 

8267.7 

8807.1 

8846.4 

8386.1 

8425.2 

8464.6 

SS06.9 

90 

8548.3 

fa&.i 

86tt.O 

8661.4 

8700.8 

8740.1 

8779.5 

8818.9 

8858.8 

8897.6 

TABLE  IL 


FOB  OONTEBTINO  INCHES  INTO  CENTIMETERS. 


Inches. 

0 

1 

2 

8 

4 

5 

6 

7 

8 

9 

0 

0 

0.254 

0.508 

0.762 

4.016 

1.2699 

1.6289 

1.77T9 

2.0819 

2.3659 

1 

2.5400 

2.7940 

8.0480 

8.3020 

8.5560 

O.8099 

4.0639 

4.8179 

4.5no 

4.8850 

2 

5.0799 

5.3a39 

5.5879 

5.8419 

6.09S0 

6.8496 

fi.0088 

6.8576 

7.1118 

7.8658 

8 

7.6199 

7.8789 

8.1279 

8  8R19 

86350 

0«OOiV 

9.1488 

9.8978 

9.6518 

9.9066 

4 

10.1599 

10.4189 

10.6679 

10.9219 

11.1759 

11.4396    11.6688 

11.9878 

12.1918 

124456 

5 

12.6098 

12.9538 

13.2078 

18.4618 

18.7158 

18.9<i97    14.2287 

14.4777 

14.7817    14.9867 

.  6 

15.23tl8 

15.4938 

16.7478 

16.0018 

16.2558 

16.5097    16.7687 

i7.oirr 

17.2717  ,  17.5857 

7 

17.7798 

18.0838 

18.3878 

18.5418 

18.7958 

19.0497 

19.8087 

19.5577 

198117 

20.0657 

8 

20.8197 

20.5787 

20.8277 

21.1817 

21.8867 

21.5896 

21.8436  '  22.1978 

22.8516 

22.6066 

9 

22.8597 

23.1187 

28.3677 

23.6217 

28.8757 

24.1296 

24.8886    34.6376 

24.8916 

25.1456 

10 

25.3007 

25.6587 

25.9077 

26.1617 

26.4157 

28.6696 

36.9236    27.1778 

27.4816 

27.6866 

11 

27.9396 

28.1936 

28.4476 

28.7016 

28.9556 

29.2095 

29.4685    29.7175 

29.9n5    80.2255 

1 
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TABLE  III. 


FOB  CX>NVSRTINO  FRENCH  MEASUBES  nVTO  BNGLIBH. 


Meter, 

aq.  m., 
cubic  m. 

Feet. 

Inches. 

Sq.  ft 

Sq.  in. 

Cub.  ft. 

Cnb.  in. 

1 

8.8W9 

89.8706 

10.7642 

1550.05 

85.8161 

61026.2 

8 

6.9618 

^7412 

21.5284 

8100.09 

70.6322 

12S05S.4 

8 

9.8427 

118.1118 

82.29:26 

4650.13 

105.9483 

189078.6 

4 

18.1885 

167.4824 

43.0568 

6200.18 

141.2644 

244104.9 

6 

16.4044 

196.8690 

68.8201 

n50.23 

176.5805 

805181.1 

6 

19.6668 

286.2287 

64.585^ 

9800.27 

211.8966 

866167.8 

7 

SS.96e8 

2rS.2948 

75.8494 

10660.81 

247.2126 

427188.5 

8 

86.9471 

814.9649 

86.1186 

12400.86 

282.5287 

488209.7 

9 

S9.Q08O 

8M.S8S5 

96.8778 

18950.40 

817.8448 

.    549286.9 

TABLE  IV. 


FOB  OOKVERTUNG  ENGLISH  MEASURES  INTO  FRENCH. 


Foot, 
aS>.  fL 

Meter. 

a 

Sq.  m. 

Cub.  m. 

Inch, 
tq.  in., 
cob.  in. 

Centi- 
meters. - 

Sq.  cent. 

Cab.  centi- 
meters. 

1 

0.804796 

0.062901 

0.028316 

1 

2.5400 

6.4514 

16.886 

2 

0.600598 

0.185801 

0.056681 

2 

6.0799 

12.0089 

83.778 

8 

0.91488B 

0.278708 

0.064947 

8 

7.6199 

19.3548 

49.150 

4 

1.819184 

0.871602 

0.113)!68 

4 

10.1509 

25.8067 

65.546 

5 

1.688879 

0.464503 

0.141579 

5 

12.0996 

82.2571 

81.982 

6 

1.888775 

0.557408 

0.166894 

6 

15.2398 

88.7086 

98.318 

7 

8.188871 

0.65a%)4 

0.196210 

.   7 

17.7799 

45.1600 

114.705 

8 

2.488867 

0.743204 

0.828526 

8 

20.8197 

61.6114 

181.091 

9 

2.748168 

0.886106 

0.254841 

9 

22.8597 

68.0628 

147.478 

10 

8.047969 

0.989006 

0.283157 

10 

25.3997 

64.5148 

168.864 

11 

8868756 

1.081906 

0.811478 

11 

87.9896 

70.9667 

180.260 

TABLE  V. 


FOB  CONYBBTOTG  BHiOOBAMS  INTO  POUNDS  ATOIBDUPOIS,  OB  CAL0BIE8  INTO  ENGLISH 

(CENTIGBADE)  HEAT  UNITS. 


Kilo- 

0 

1 

8 

8 

4. 

5 

6 

7 

8 

9 

0 

0 

8.205 

4.409 

6.614 

8.818 

11.028 

13.228 

15.482 

17.687 

19.841 

10 

88.046 

84.251 

26.455 

28.660 

80.864 

33.060 

85.274 

87.478 

89.683 

41.887 

20 

44.002 

46.297 

48.501 

50.706 

58.910 

56.115 

57.880 

59.524 

61.729 

63.938 

80 

66.188 

66.848 

m547 

72.752 

74.956 

77.161 

7V.866 

81.570 

83.775 

86.979 

40 

^<8.I84 

90.889 

92.508 

94.7« 

97.003 

99.S07 

101.412 

103.616 

105.821 

108.025 

60 

110.880 

112.486 

114.689 

116.844 

119.048 

121.253 

123.458 

125.662 

127.867 

180.071 

00 

182.276 

184.481 

136.685 

188.890 

141.094 

143.299 

145.604 

147.708 

149.913 

l.'>i.ll7 

70 

164.882 

156.587 

158.781 

160.936 

168.140 

165.845 

167.550 

160.754 

171.959 

174.168 

80 

176.868 

178.578 

180.777 

182.982 

185.186 

187.391 

189.596 

191.800 

194.006 

196.209 

90 

198.414 

800.619 

20S.823 

205.088 

807.283 

209.487 

211.642 

213  846 

216.061 

218.255 

23 
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TABLE  VL 

FOB  OOMYSETING  AYODIDUPOIB  FOUNDS  INTO  KXLOGRAIIS,  OB  XNaUSH  (CENTIOBAint) 

HEAT  UNITS  INTO  CALOBIES. 


PoondH. 

0 

1 

2 

8 

4 

5 

6 

7 

8 

9 

0 

0 

0.4%88 

0.9078 

1.3808 

1.8144 

2.2880 

2.7216 

&1751 

8.6288 

408M 

10 

4.SI8 

4.9806 

5.4432 

5.8»08 

6.8504 

6.8040 

7.2576 

7.7112 

ai648 

&6184 

20 

9.072 

9..'S256 

9.9792 

1043^8 

10.88&t 

11.8100 

11.7936 

12.2472 

12.7008 

18.1544 

80 

1&60B 

14.0616 

14.5152 

14.9688 

15.4'IU 

15.8760 

16.8296 

16.78S2 

17.2868 

17.69M 

40 

1S.144 

18.5976 

19.0512 

19.5048 

19.0584 

20.4120 

20.8656 

21.8192 

21.7728 

22.8254 

60 

22.680 

28.1886 

28  5872 

24.0406 

24.4944 

24.9480 

25.4016 

25.8568 

26.8088 

36.7824 

00 

27.216 

27.6696 

28.1232 

28.5768 

20.0804 

29.4640 

29.9876 

80.8912 

80.8448 

81JS964 

70 

81.752 

82.2056 

82.6598 

33.1128 

88.5664 

84.(B0O 

84.4786 

84.9272 

85.8808 

85.944 

80 

86.288 

86.7416 

87.1952 

87.6488 

88.1024 

88  5560 

89.0096 

89  4632 

89.9168 

4a8»M 

90 

40.824 

41.2778 

41.7812 

42.1848 

42.6884 

48.0920 

48.5456 

48.9082 

44.4aS 

44.90M 

TABLE  VIL 


FOB  CONTEETINa  MITTEB-KILOGRAMS  INTO  FOOT-POUNDS. 


Meter 
kilog. 

0 

1 

2 

8 

4 

5 

6 

7 

• 

8 

9 

0 

0 

0.72831 

1.44662 

2.16093    2.89324 

8.61655 

4.83986 

5.06817 

5.78648 

6wSO079 

1 

7.2881 

7.9564 

8.6797 

9.4080    10.1268 

10.8496 

11.5729 

12.2902 

18.0195 

18.748H 

2 

14.4662 

15.1895 

15.9128 

16.6861    17.3594 

18.0627 

18.8060 

19.S»8 

20.2526 

20.9750 

3 

216983 

22.4226 

23.1459 

93.8092  ,  24.5025 

25.3158 

26.0891 

26.7824 

27.4857 

28.2090 

4 

28.9824 

29.6.%7 

80.3790 

81.10S8    81.825ri 

82.5489 

88.2722 

88.9055 

34.7188 

85.4481 

5 

36.1655 

36  8888 

37.6121 

38.3854    89.0587 

89.7^0 

40.5063 

41.2286 

41.9519 

42.6752 

6 

43.3086 

44.1219 

44.8452 

45.5685    46.2918 

47.0151 

47.7884 

48.4617 

49.1850 

49.906S 

7 

60.6817 

51.8550 

52.0783 

52.8016    53.5249 

54.2482 

54.9715 

55.6948 

56.4181 

57.1414 

8 

57.8648 

56.5881 

50.8114 

60.0847    60.7580 

61.4818 

6i.2046 

62.9279 

68.6512 

64.8745 

9 

65.0979 

65.8212 

66.5445 

67.2378    67.9911 

68.7144 

60.4877 

7D.1010 

70.8818 

71.6078 

TABLE  Vlll. 


FOR  CONYERTINO  FOOT-POUNDS  INTO  METER-RTLOGBAMS. 


Foot 
lbs. 

0 

1 

2 

8 

4 

5 

6 

7 

8 

9 

0 

0 

0.01888 

0.02766 

0.04149 

.05532 

.06915 

.08291 

.09681 

.nodi 

.12447 

1 

0.1883 

0.1521 

0.1650 

0.1797 

0.1935 

0.2073 

0.2211 

0.2349 

0.2487 

0.9885 

2 

0.2766 

0.2904 

0.8042 

0.8180 

0.8318 

0.8456 

0.8504 

0.3732 

0.8670 

0.4008 

8 

0.4149 

0.4287 

0.4425, 

0.4563 

0.4901 

0.4889 

0.4977 

0.5115 

0.8258 

0.5891 

4 

0.5532 

0.5670 

0.5806'^ 

0.5946 

0.6064 

0.6222 

0.6300 

0.6486 

0.6686 

0.6774 

5 

0.6915 

0.7058 

0.7191 

0.7829 

0.7467 

O.70O5 

0.7743 

0.7881 

0.8019 

0.8157 

6 

0.8298 

0.8486 

0.«i74 

0.8712 

0.8850 

0.8088 

0.9126 

0.9264 

0.9408 

0.9540 

7 

0.9681 

0.9819 

0.9957 

1.0095 

1.0238 

1.0671 

1.0509 

1.0647 

1.0785 

1.0088 

8 

1.1064 

1.1202 

1.1840 

1.1478 

1.1616 

1.1754 

1.1892 

1.2030 

1.8168 

1.2806 

9 

1.2447 

1.2585 

1JJ7-.J8 

1.2861 

1.2990 

1.3137 

1.8275 

1.3413 

1.8561 

1.8680 

BEDJiCTION  TABLES. 
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TABLE.  IX, 

VOK  C0NTERT117G  XILOGBAMS  FEB  8Q.   CENTDIETBR  INTO  FOXTNDB  PER  8Q.  IKCH. 


Kgrs. 

per 
fq. 

0 

1 

9 

8 

4 

cent. 

0 

0 

14.2228 

28.4466 

42.6684 

56.8912 

10 

142.226 

156.451 

170.674 

164.807 

109.110 

SO 

284.456 

208.679 

812.902 

827.125 

841.848 

80 

426.684 

440.907 

456.180 

469.858 

488.576 

40 

666.912 

588.185 

597.858 

611.561 

625.804 

50 

711.140 

725.868 

789.586 

768.800 

768.082 

00 

868.868;  867.501 

861.814 

806.087 

010.260 

70 

996.506 

1009.819 

1024.042 

1086.266 

1052.488 

80 

1187.824 

1168.047 

1166.270 

116&408 

1104.716 

90 

1280.058 

1294.275 

1808.496 

1322.721 

1886.944 

5 


71.1140 

218.842 

855.571 

497.599 

640  027 

782.256 

024.488 

1066.711 

1206.989 

1851.167 


6 

7 

8 

1 

66.8866 

99.6596 

118  7824 

227.566 

241.788 

256.011 

860.794 

864.017 

898.240 

512.022 

526.245 

540  466 

654.250 

666.478 

662.696 

796.478 

610.701 

824.924 

966.706 

962.929 

967.168 

1080.984 

1095.167 

1109890 

1288.162 

1287.886 

1251.606 

1866.880 

1879.618 

1886.886 

0 


12&.006S 

270.284 

412.468 

554691 

696919 

889.147 

961.875 

1128.618 

1265.881 

1206.060 


TABLE  X. 


FOR  CONYERTniG  POUNDS  PER  8Q.   INCH  INTO  KILOGRAMS  PER  SQ.  CENnHETER. 


Ponnds 

per 

0 

1 

2 

8 

4 

5 

6 

7 

8 

•    9 

sq.  Inch. 

0 

.140616 

.210027 

.261286 

.851545 

421854 

.492168 

.568472 

0 

.070800 

.682781 

10 

.70000 

.77840 

.84871 

.01402 

.98488 

1.05464 

1.12405 

1.19526 

1.26567 

1.88568 

20 

1.40616 

1.47640 

1.54660 

1.61711 

1.68748 

1.75778 

1.82804 

1.89685 

1.9<«66 

2.08697 

80 

2.10827 

2.17968 

2JMSe» 

2i»a20 

2.89051 

2.46062 

2.58118 

2.60144 

2«n75 

2.74206 

40 

8.81286 

2.68267 

2.96206 

8.02828 

8.09860 

3.16881 

8.28422 

84»458 

8.87484 

8.44515 

60 

ZJSSBM& 

8.5S676 

8.66607 

8.72686 

3.79669 

8.66700 

8.98781 

4.00762 

4.07796 

4.14824 

60 

4^854 

4'S8B65 

4.86016 

4.42947 

4.499rB 

4.57000 

4.64040 

4.7ion 

4.78108 

685138 

70 

4.02168 

4.99194 

5.06225 

6.13256 

5.30887 

5.87818 

5.84849 

5.41880 

5.48411 

6.55442 

80 

5.62472 

569508 

5.76684 

5.88566 

6.00606 

5.07627 

6.04658 

6.11669 

ai8720 

6.25751 

80 

6.82781 

6.89812 

6.46848 

6.58674 

6.60006 

667986 

6.74967 

6.81998 

689089 

6.96000 

TABLE  XI. 


FOR  CONVERTING  ATMOSPHERES  IXTO  POUNDS  AST)  KILOGRAMS. 


AtmoHphcrcfi. 

Helffhl 
in  cenf. 

;  of  mercnry 
in  inches. 

Press 
sq.  cent 
inkilogiB. 

□re  per 
sq.  inch 
in  pounds. 

1 

76 
152 
226 
804 
880 
456 
5S2 
608 
684 

20.003 
50.844 
80.766 
110.668 
140  610 
179.532 
200.454 
230..376 
260.206 

1.0688 
2.0666 
8.0099 
4.1882 
5.1665 
6.1006 
7.2881 
&2664 
9.2997 

14.696 

29.892 

44.068 

56  784 

78.480 

88.176 

102.872 

117.668 

182.264 

2 

8 

4 

5 

6 

7 

R 

0 
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TABLE  Xn. 

FOB   OONYEBTINO    CALORIES    INTO    ENGLISH   (FAHBBMHEIT)    HEAT   UMITS. 


Galor- 
ief. 

0 

1 

S 

8 

4 

6 

6 

7 

8 

9 

0 

0 

8.969 

7.988 

11.907 

15.876 

19.745 

28.814 

27.788 

81.762 

8S.721 

10 

89.69 

43.669 

47.638 

61.597 

65.566 

59.636 

68.604 

67.473 

71.442 

76.411 

30 

79.88 

88.349 

87.818 

91.387 

96.356 

99.325 

108.194 

107.163 

111.182 

116.101 

80 

119.07 

138.089 

137.008 

130.977 

184.946 

188.915 

143.884 

146.863 

160.833 

154.791 

40 

168.76 

162.739 

166.698 

170.667 

174.686 

178.606 

183.674 

186.648 

190.512 

194.481 

60 

197.45 

301.419 

306.888 

309.367 

318.836 

217.295 

331.264 

235.288 

2C9.302 

233.171 

60 

288.14 

343.109 

346.078 

360.047 

354.016 

357.985 

261.954 

265.928 

209.802 

278.861 

70 

377.83 

381.799 

286.768 

289.737 

398.706 

397.675 

801.644 

806.618    309.582 

818.561 

80 

817.63 

881.489 

835.468 

839.437 

888.896 

887.366 

841.334 

845.808    849.972 

asa.211 

90 

857.31 

361.179 

865.148 

369.117 

878.086 

877.066 

881.024 

384.998    888.903 

893.931 

TABLE  XIII. 

FOB   CONYERTINO    ENGLISH    (FAHREITHEIT)    HEAT   UNITS   INTO    CALORIEB. 


Heat 

Units. 

0 

1 

3 

8 

4 

6 

6 

7 

8 

9 

0 

0 

0.363 

0.604 

0.766 

1.008 

1.360 

1.612 

1.764 

3.016 

S.9GB 

10 

2.53 

3.773 

8.034 

8.376 

8.628 

8.780 

4.083 

4.384 

4.536 

4.TB8 

20 

6.04 

6.393 

6.544 

5.796 

6.048 

6.800 

6.662 

6.804 

7.066 

7.308 

80 

7.56 

7.813 

8.0G4 

8.316 

8.668 

8.830 

9.072 

9.834 

9.676 

9.828 

40 

10.08 

10.333 

10.584 

10.836 

11.088 

11.340 

11.692 

11.844 

13.096 

13.348 

60 

13.60 

13.863 

13.104 

13.856 

18.608 

13.860 

14.112 

14.364 

14.616 

14.86S 

60 

15.13 

16.372 

16.634 

15.876 

16.138 

16.380 

16.632 

16.884 

17.186 

17.388 

70 

17.64 

17.892 

18.144 

18.396 

18.648 

18.900 

10.152 

19.404 

19.666 

19.906 

80 

30.16 

20.412 

20.664 

30.916 

31.168 

31.430 

21.672 

31.934 

33.176 

32.428 

90 

33.68 

22.933 

23.184 

33.486 

28.688 

23.940 

24.193 

34.444 

34.096 

24.918 

/ 
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PAilT    SECOND. 


STEAM   AND  THE   STEAM  BNGDOL 


CHAPTER  XIV. 

THE  ACnON    OF  HEAT   IN    EVAPORATION. — GENERAL    PROPERTIES  OF 

BTEAH. — ^PRESSURE  OF  SATURATED  STEAM. 

The  different  Effects  of  Heat  in  Evaporation. — Of  all  the  investi- 
gations thus  far  made  upon  the  deportment  of  bodies,  none  are 
of  greater  importance  than  those  which  relate  to  the  properties 
of  steam.  An  exact  knowledge  of  these  properties  lies  at  the 
foundation  of  the  construction  of  the  steam  engine. 

Although  much  in  the  way  of  investigation  was  done  from  the 
time  of  Watt,  who  gave  us  the  steam  engine  almost  in  its  pres- 
ent state  of  perfection,  down  to  the  time  of  Begnault,  one  of 
the  most  skillful  experimenters  of  the  present  day,  still,  much 
had  to  remain  unknown,  because  during  that  time  the  princi- 
ples of  the  mechanical  theory  of  heat  were  either  unknown  or 
but  Uttle  regarded. 

It  will  not  be  difficult  to  call  attention  to  that  which  must 
during  that  time  have  remained  hidden,  the  key  to  the  explana- 
tion of  which  is,  however,  given  by  a  number  of  phenomena  of 
great  scientific  and  technical  interest  Let  us  return  to  the 
experiment  which  we  have  already  described  in  Chapter  VTTT. 
of  Part  First. 

Again,  let  ABCB,  Fig.  58,  be  a  hollow  cylinder  of  1  sq.  meter 
cross-section.  Upon  the  bottom  CD  is  1  cubic  decimeter =0.001 
cubic  meter  =  1  liter  of  water,  whose  weight  is  therefore  1  kilo- 
gram at  0°.  In  contact  with  the  surface  of  the  water  is  the 
piston  KKy  which  we  assume  perfectly  tight  and  without  weight 
Above  the  piston  is  a  vacuum. 

We  assume  the  piston  loaded  with  10334  kilograms.  This  is 
the  same  as  the  pressure  of  the  atmosphere  per  square  meter 
for  0°  and  760  millimeters  (30  inches)  barometric  height 

Now  let  us  impart  heat  to  the  water  until  the  temperature 
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rises  to  100^.  Up  to  this  point  no  steam  is  formed.  This  only 
happens  when  the  addition  of  heat  is  carried  still  farther.  The 
piston  will  then  be  gradually  raised,  as  steam  is  formed,  and 
the  weight  10334  kilograms  will  be  lifted  through  a  certain  dis- 
tance.  When  all  the  water  is  converted  into  steam, 

Ai |B  j^Q  piston  will  stand  at  a  height  of  about  L650 

meters  above  the  bottom. 

In  this  apparently  simple  process  we  can  recog- 
nize, from  the  standpoint  of  the  mechanical  theory 
of  heat,  several  different  effects. 

First,  the  w^ater  is  heated,  therefore  the  vibration 
ivork  of  the  molecules  is  increased.  When  the 
water  attains  the  temperature  of  100°,  further  rise 
of  temperature  does  not  occur.  The  velocity  of  the 
molecules  is  now  so  great,  however,  that,  according 
to  our  theoretical  views,  any  further  addition  of 
heat  not  only  separates  the  molecules  beyond  the 
influence  of  their  cohesion,  which  constituted  the 
liqmdy  but  also  gives  them  a  rectilinear  motion 
such  as  the  molecules  of  a  gas  possess.  The  mole- 
K  cules  then  impinge  upon  the  piston  and  raise  it, 
^  until  all  the  water  is  converted  into  steauL  For 
this  transformation  of  the  water  into  steam,  this 
overcoming  of  the  forces  which  bind  the  molecules  of  the  liquid 
mass  together,  or  " diagregation  rvorhy^  there  is,  as  we  know, 
a  certain  amount  of  heat  necessary. 

Further,  the  weight  of  10334  kilograms  is  raised  about  1.65 
meters.  This  requires  a  mechanical  work  of  10334  x  1.65  = 
17051  meter-kilograms,  and  this  work  must  evidently  be  also 
furnished  by  the  heai  Since  a  work  of  424  meter-kilograms  is 
equivalent  to  one  heat  unit,  the  work  of  17051  meter-kilograms 

requires  -/qt-  =  40.2  heat  units.    At  the  end  of  the  experiment, 

the  heat  actually  existing  in  the  steam  as  heat^  or  energy  of 
vibration,  must  then  be  less  than  the  total  amount  imparted, 
by  just  this  amount,  which  is  required  for  the  performance  of 
outer  work.  It  is  this  circumstance  to  which  we  wish  here  to 
call  special  attention.  From  it  flow  a  number  of  other  facts  as 
to  the  deportment  of  steam,  which  without  it  either  cannot 
be  recognized  or  else  are  wrongly  explained.      Thus,  for  ex- 
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funpley  the  steam  used  per  stroke  by  the  steam  engine  possesses 
at  the  end  of  the  stroke  no  longer  the  heat  which  it  had  in  the 
boiler,  and  the  heat  which  thus  disappears  is  the  equivalent 
of  the  work  done.  This  has  been  yerified,  as  we  have  seen,  by 
Hirn's  experiment.  If  the  water  had  expanded  greatly,  while 
heated  from  0°  to  100° — which,  as  we  know,  is  not  the  case — 
then  the  outer  work  of  10334  x  1.65  meter-kilograms  would 
have  been  partly  performed  by  this  expansion. 

If  we  compare  the  outer  work  of  17051  meter-kilograms,  which 
we  may  call  the  outer  work  of  steam,  with  that  necessary  for 
overcoming  the  molecular  forces,  we  shall  find  considerable 
difference.  Thus  in  the  present  case,  496.3  heat  units  are 
necessary  for  this  purpose  alone.  This  heat  represents  a 
mechanical  work  of  496.3  x  424  =  210431  meter-kilograms,  and 
this  is  required  to  overcome  the  molecular  forces  of  only  one 
kSLogram  of  water.  Indeed,  in  comparison,  the  force  of  gravity 
is  but  slight  If,  for  example,  a  mass  of  water  of  one  cubic 
meter  =  1000  kilograms  is  required  to  perform  this  work,  it 

must  sink  through  a  distance  of    ..^y^    =  210.431  meters. 

The  question  arises.  How  can  the  heat  be  determined  which 
is  necessary  for  the  different  enects  in  this  transformation  of 
water  into  steam  ?  It  is  not  possible  to  determine  with  exact- 
ness the  heat  imparted  during  the  heating  and  vaporization 
of  the  water,  by  direct  determination  of  the  heat  furnished  by 
the  fuel  The  opposite  method,  of  determining  the  heat  units 
set  free  when  the  steam  condenses,  is  far  more  exact.  If  we 
use  for  the  condensation  a  large  quantity  of  cold  water,  the 
condensation  is  rapid,  and  all  the  heat  is  given  up  to  the  water, 
while  the  amount  lost  by  radiation  and  conduction  is  very 
slight.  If  we  use  2545  kilograms  of  water  at  0°,  which  is  raised 
in  temperature  }"*,  while  the  temperature  of  the .  condensed 
steam  is  also  diminished  i^°,  we  shall  have,  evidently,  the  fol- 
lowing equation  for  the  heat  contained  by  the  steam  : 

a;-i=i  X  2545, 

where  x  is  the  number  of  units  of  heat  possessed  by  the  steam. 

Hence 

X  =  636.5  heat  units. 
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It  is  evident  that  in  this  experiment,  the  steam  being  con- 
densed by  cold  water,  that  heat  reappears  which  disappeared 
in  the  raising  of  the  weight  This  heat  is  therefore  contained 
in  the  total  heat  of  the  water. 

If  we  assume  that  for  the  heating  of  .the  water  from  zero  to 
100  "*  100  heat  units  are  necessary  (as  we  shall  see  hereafter 
this  number  is  somewhat  too  small),  then,  for  the  disgregation 
work  and  the  outer  work,  636.5  —  100  =  536.5  heat  units  are 
required.  Accordingly  the  total  heat  in  our  experiment  is 
divided  among  the  various  processes  as  follows : 

1.  Heating  of  the  water  from  0"*  to  100^  (vibra- 

tion work)   100     heat  units. 

2.  Overcoming  the  molecular  forces  (disgrega- 

tion work) 496.3 

3.  Baising  10334  kil.  1.65  meters  (outer  work) .  40.2 


«         u 

M  U 


Total 636.5    "      " 

In  calling  attention  thus  to  the  circumstances  which,  in 
ignorance  of  the  principles  o\  the  mechanical  theory  of  heat, 
must  have  escaped  those  physicists  who  have  investigated  the 
phenomena  of  vaporization,  the  question  arises  whether  their 
determinations  are  therefore  worthless,  or  have  their  experi- 
ments been  so  conducted  that  we  can  make  use  of  them  ?  The 
question  is  to  be  answered  decidedly  in  the  affirmative,  es- 
pecially as  regards  the  comprehensive  and  careful  experi- 
ments of  Begnault,  made  with  large  and  accurate  apparatus, 
described  on  page  367,  and  surpassing  in  accuracy  all  other 
experiments  of  the  same  character  by  other  physicists. 
The  experiments  of  Begnault  upon  steam,  as  also  upon  other 
vapors,  depend  not  only  upon  the  exact  determination  of  the 
heat  necessary  to  raise  1  kilogram  of  water,  under  a  given 
pressure,  from  0"*  to  any  other  temperature,  or  to  convert, 
under  the  same  circumstances,  1  kilogram  of  water  at  0""  into 
steam,  but  also  upon  the  careful  determination  of  the  pressure 
of  the  steam  generated  from  water  at  any  temperature.  It  is 
not  the  place  to  describe  in  detail  the  apparatus  used  in  these 
remarkable  experiments,  nor  to  notice  here  the  very  ingenious 
methods  of  investigation.    This  belongs  to  experimental  phys- 
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ics.  We  shall  only  cite  some  of  his  experiments,  in  order  to 
show  that  they  answer  well  the  purposes  of  our  investiga- 
tions. 

Before  doing  this,  we  shaU  call  attention  to  the  principal 
properties  of  steam  and  the  different  kinds  of  steam. 

Oeneral  Froperties  of  Steam, — Saturated  and  Superheated  Steam. 
— ^Let  /.,  //.,  ///.,  Fig.  69,  be  prismatic  or  cylindrical  vessels 
of  1  square  meter  cross-section,  each  holding  1  kilogram  of 
water,  the  air-tight  piston  KK  being  in  contact  with  the  sur- 
face of  the  water.  Let  the  piston  in  /.  be  loaded  with  10334, 
that  mil.  with  2  x  10334,  and  in  ///.  with  3  x  10334  kUograms, 
the  space  above  being  a  vacuum. 

In  order  that  the  piston  in  I.  shall  begin  to  rise,  or  vapori- 
zation   begin,    experi- 
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ments  show  that  the 
.water  must  be  heated 
up  to  100°.  In  //.  the 
water  must  be  heated 
up  to  120.6^  In  ///., 
up  to  134^ 

If  all  the  water  is 
converted  into  steam 
in  all  three  cylinders, 
the  piston  in  /.  will  be 
raised,  as  shown  by 
experiment,  to  1.65  m., 
in  //.  to  0.86,  and  in  ///.  to  0.59  meters.  In  /.,  therefore,  the  1 
kilogram  =  0.001  cubic  meters  of  water  has  become  1.65  cubic 
meters,  in  IL  the  same  water  volume  becomes  0.86,  and  in  ///. 
0.59  cubic  meters  of  steam.  In  /.,  then,  from  1  cubic  meter  of 
water,' we  should  obtain  1650  cubic  meters  of  steam  of  lOO'' ;  in 
//.,  860  cubic  meters  at  120.6°  ;  and  in  ///.,  590  cubic  meters  at 
134°.  The  number  which  denotes  how  many  cubic  meters  of 
steam  are  generated  from  1  cubic  meter  of  water,  or  generally, 
the  ratio  of  the  volume  of  the  steam  to  that  of  the  water  from 
which  it  is  generated,  is  called  the  "  specific  steam  volume.** 
In  /.  it  is  1650 ;  in  //.,  860 ;  in  ///.,  590. 

Since  in  //.  the  same  weight  of  steam  (1  kilogr.)  is  contained 
in  about  half  the  space  that  it  occupies  in  7.,  the  density  (weight 
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of  unit  of  volume)  is  about  twice  as  great    In  III.  we  have  in 
about  ^d  of  the  volume  the  same  weight  as  in  /.,  hence  the 
density  is  about  3  times  as  great  as  in  /. 
We  can  recognize,  then,  the  following  principles : 

1.  The  greater  t/te  pressure  tlie  higher  the  temperature  at  which 
vaporization  begins. 

2.  Since  the  steam  hMs  the  outer  pressure  in  equtHbrium^  the 
higher  tJie  temperature  the  greater  the  pressure  of  the  steam  generated. 

3.  From  a  certain  volume  of  vxxier  there  is  generaied  for  any 
given  temperature  a  d^nite  and  invariable  steam  volume, 

(The  ratio  of  this  volume  to  the  water  volume,  or  the  specific 
steam  volume,  must  be  less  the  greater  the  temperature.) 

4  The  density  is  greater  for  high  temperatures  than  for  lower. 

6.  Tlie  greater  pressure  of  the  steam  at  high  temperatures  de- 
pends less  upon  tlie  difference  of  temperature  than  upon  the  greater 
density. 

We  have  here  assumed  that  the  steam  is  formed  directly  from 
the  water,  and  that  steam  and  water  are  in  contact  up  to  the 
moment  when  the  last  drop  of  water  is  evaporated.  Such  steam, 
which  for  reasons  we  shall  socm  learn  we  call  *^  saturated^*  must 
be  distinguished  from  other  kinds  of  steam  which  we  shall  have 
occasion  to  speak  of. 

If,  when  all  the  water  is  just  converted  into  steam^  and  the 
pistons  are  at  their  highest  positions,  we  fix  the  pistons  im- 
movably and  force  steam  into  the  spaces  already  filled  with 
steam,  condensation  will  occur  and  an  amount  of  steam  will  be 
condensed  equal  in  weight  to  the  amount  of  fresh  steam  forced 
in.  The  same  will  be  the  case  if  the  pistons  are  forced  down, 
provided  the  temperature  remains  constant  We  say,  there- 
fore, that  the  spaces  are  filled  with  *'  saturated  steam**  that  is, 
steam  just  at  the  point  of  condensation.  As  long  as  steam  is 
in  contact  with  the  water  from  which  it  is  being  generated,  it 
must  at  any  moment  be  at  its  point  of  condensation,  and  there- 
fore "saturated."  Saturated  steam  differs,  then,  essentially 
from  a  permanent  gas,  in  that  it  cannot  be  compressed  like  gas 
under  constant  temperature.  If  thus  compressed,  a  portion  is 
condensed  while  the  pressure  remains  the  same. 

If,  for  example,  0«,  in  Fig.  60,  is  the  steam  volume  of  1.65 
cubic  meters  which  is  generated  in  I.  from  1  kilogram  of  water, 
and  sB  =  piB  the  pressure  (10,384  kiL  per  sq.  meter),  and  if  by 
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forcing  down  the  piston  the  steam  is  compressed  gradualljy 
then,  under  the  condition  that  the  temperature  is  kept  constant^  the 
pressure  j9  remains  the  same.  If  all  the  st-eam  is  converted  into 
water,  we  have  finally  one  kilogram  of  water  at  100°,  which  oc- 
cupies the  space  Osx  of  0.001 
cubic  meter.  The  straight  Y 
line  "BA^^paralUi  to  OX,  rg>- 
resents  the  change  of  condition 
of  the  steam  when  compressed 
under  constant  temperature. 
If,  inversely,  we  evaporate 
the  1  kilogram  of  water  of 
lOO''  under  the  constant 
pressure  j9,  the  point  A 
passes  from  ^  to  J?.  It 
is  evident  that  in  compressing  the  steam  we  must  abstract, 
in  order  to  keep  the  temperature  constant,  as  much  heat  as 
must  be  imparted  during  its  generation. 

If  now  we  consider  the  steam  in  /.  still  further  heated,  then 
if  the  pressure  remains  constant  it  expands  while  its  temper- 
ature increases.  Suppose  that  from  the  moment  of  expansion 
it  is  no  longer  in  contact  with  water.  The  steam  is  now  no 
longer  saturated,  no  longer  just  at  the  point  of  condensation, 
and  since,  with  the  same  pressure,  it  has  a  higher  temperature, 
we  call  it  "superheated." 

Superheated  steam^^  tJien^  is  steam  which  for  the  same  pressure 
has  a  greater  temperature  and  a  greater  specific  volume  than  satu- 
rated steam. 

The  more  the  steam  is  superheated,  the  more  it  approaches 
the  condition  of  a  permanent  gas,  but  only  at  a  very  consider- 
able distance  from  the  point  of  saturation  are  its  properties 
essentially  the  same. 

If  the  pistons  in  /.,  //.,  and  ///.  are  held  fast,  and  then  more 
heat  added,  both  the  temperature  and  pressure  increase.  The 
steam  is  superheated.  If,  for  example,  in  /.  the  pressure  is 
about  twice  as  great,  the  temperature  is  considerably  greater 
than  120.6'',  which  is  that  of  saturated  steam  of  the  same  press- 
ure.    We  also  understand,  therefore,  by  superheated  steam, 


«  ["  IsopiesUc  lino/*] 


t  [Also  sometimes  called  "  steam  gas/'] 
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Bteam  which  for  the  same  specific  volume  has  a  kigher  preaaure  and 
a  higher  tempercUure  than  saturated  steam. 

Suppose  we  have  belov  the  piston  KK,  Fig.  61,  highly  super- 
heated steam.  We  now  toroe  the  piston  gradually  down.  The 
deportmeut  of  the  steam  is  at  first  tiiat  of  a  per- 
manent gaa.  If,  therefore,  we  keep  the  temper- 
ature constant,  the  pressnre  increases  iuversely 
with  the  Tolome,  and  the  change  of  condition  fol- 
lows Mariotte's  law.  If  heat  is  not  abstracted,  the 
pressnre  increases  in  a  greater  ratio  according  to 
the  exponential  law  of  Foissou,  or  "  odiabatically," 
only  we  hare  now  no  longer  the  exponent  1.41, 
which  was  for  air,  bat  another  valne  for  the  expo- 
nent The  more  we  force  down  the  piston,  onder 
constant  temperature,  the  more  we  approach  a 
point  where  Mariotte's  law  no  loiter  holds  good. 
This  point  lies  near  the  point  of  saturation  or  of 
condensation.  When  this  point  is  reached,  farther 
Fia  61  compression  simply  causes  condensation,  the  press- 

are  remains  constant  and  Mariotte's  law  entirely 
ceases  to  apply. 

That  which  has  been  said  concerning  steam  applies  to  all 
"  vapors,"  that  is,  to  all  gaseous  bodies  generated  from  liqaids, 
and  which  by  ordinary  compression  or  cooling  can  be  recon- 
verted into  liquids.  Such  are  the  steam  from  spirits  of  wine, 
ether,  carbonic  acid,  mercury,  etc.  Only  the  numerical  rela- 
tions between  temperature,  pressure,  specific  volume,  eta,  are 
different 

We  pass  now  to  a  subject  which  is  also  of  special  interest 
in  the  mechanical  theory  of  heat  that  is,  to  the  exact  deter- 
mination of  the  relation  between  the  pressure  of  steam  and  its 
temperature. 

Empirical  MtrmuUe/or  the  Pressure  and  Temperaimre  of  Sat- 
urated Steam. — ^Very  many  experiments  have  been  made  in 
order  to  determine  the  pressnre  of  saturated  steam  at  differ- 
ent temperatures.  None  of  them  possess  greater  reliabili^ 
and  e'xactness,  and  none  are  more  comprehensive  than  those 
made  by  Begnault  The  method  of  his  investigations  depends 
upon  the  principle  which  holds  good  for  every  Hqnid,  t^  the 
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tetnperatwe  at  which  water  hoUa  remains  amstatU  so  long -as  the 
pressure  upon  the  liquid  is  amstant,  and  that,  therefore,  the  press- 
ore  of  the  steam  is  ia  eqailibriam  with  this  pressnre.  Experi- 
menters before  Begnanlt  measured  the  steam  pressure  direct- 
ly. Now  it  is  rery  difficult  to  maintain,  even  for  only  a  few 
minates,  the  temperstore  of  the  water,  and  henoe  the  expan- 
sive force  of  the  steam,  constant,  in  a  vessel  closed,  and  ex- 
posed to  fire,  beoanse  the  heat  of  the  fire  varies.  Tet  this  is 
necessary  while  noting  the  temperature  and  pressure.  In  order 
to  avoid  the  inaccuracies  arising  from  anch  method  of  observa- 
tion, Begnauli;  compressed  the  air  which  surrounded  his  vesseL 
In  order  that  the  steam,  when  generated,  should  not  act  to  in- 
crease the  outer  piessore,  it  was  condensed  in  a  special  vessel 
just  as  soon  as  it  was  generated.  We  give  a  sketch  of  Beg- 
naolt's  apparatus,  Fig.  62.  C  is  a  small  copper  boUer,  into 
which  four  thermometers  enter ;  two  enter  the  water  and  two 


the  steam  only,  -in  order  to  determine  if  the  water  and  steam 
have  always  ihe  same  temperature.  The  steam  space  of  C  is 
connected  by  a  pipe,  TT,  with  a  large  globe,  A ,  of  about  24 
liters  capacity,  which  is  contained  in  a  vessel,  FV,  filled  with 
water. 
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From  this  globe  leads  a  pipe  with  cock,  Ry  to  an  air-pnmp, 
so  that  the  air  can  be  compressed  at  will  in  the  globe  and 
boiler.  The  pressure  of  the  air  in  both  globe  and  boiler  is 
shown  by  the  manometer,  titi,  mm,  which  communicates  with 
the  globe  by  the  pipe  Ix.  The  pipe  TT  is  surrounded  by  a 
jacket  TTy  through  which  cold  water  continually  circulates. 
The  steam  generated  in  G  must,  therefore,  since  the  air  is  kept 
cool,  be  at  once  condensed,  and  cannot  therefore  contribute  to 
increase  the  expansive  force  of  the  air.  When,  now,  the  air  in 
A  and  in  C  has  been  compressed,  and  the  pressure  exactly 
noted  on  the  manometer,  the  water  in  C  is  heated  until  the 
thermometer  shows  a  constant  temperature.  This  we  may  be 
sure  is  the  temperature  under  which,  for  the  given  pressure, 
the  water  boils.  And  the  expansive  force  of  the  steam  at  this 
temperature  is  exactly  equal  to  the  pressure  as  indicated  by 
the  manometer. 

Begnault  used  in  his  experiments  a  large  and  a  small  appara- 
tus. The  first  served  especially  for  the  determination  of  press* 
ures  for  temperatures  between  170°  and  230*",  the  other  between 
0"  to  170°. 

The  experiments  of  Begnault  have  thus  far  furnished  no 
exact  law  as  to  the  relation  of  pressure  and  temperature  of 
saturated  steam.  We  have  only  empirical  formulsB  which  give 
this  relation  with  more  or  less  ac6uracy.  Of  all  these  for- 
mulae, none  agree  with  the  results  of  experiment  better  than 
that  of  Begnault  himself,  as  also  the  formula  of  Magnus  and 
Bontgen. 

Begnault  gives  three  formulae,  the  first  for  temperatures  from 
-  32°  to  0°  C,  the  other  for  from  0°  to  100°  C,  and  the  third  for 
temperatures  above  100°  up  to  230°  0. 

The  first  formula  has  the  form 

(-32°toO°)  J9  =  a  +  6a* 

where    a  =  -  0.08038,    log  h  =  1.6024724,    log  a  =  0.0333980, 

a?  =  <  +  32 

where  t  is  the  temperature.  This,  as  well  as  all  the  other 
formula  of  Begnault,  gives  the  pressure  p  in  mUlimeters  of 
barometric  height,  760  millimeters  to  one  atmosphere. 


SATURATED  BTEAM--BEQNA  ULT*8  EXPERIMENTS.      369 

The  second  formula  of  Begnanlt  has  the  form 

(0°  to  100°)  logp  ==a  +  bo^--c/f 

where  a  =  47393707,  log  6  =  2.131990711,  log  a  =:  0.006864937, 

log  c  =  0.611740767,  log   /3  =  1.996725536,  and  t  is  again  the 
temperature. 
The  third  formida  is 

(100**  to  230°)  log. p  =  a-hoc^-c^ 

where  a  =  6.26403i8,  log  6  =  0.1397743,  log  a  =  1.994049292, 

log  c  =  0.6924351,  log  fi  =  1.99834862,  x  =  ^  +  20. 

Before  giving  other  formulae,  let  us  see  how,  from  the  pre- 
ceding, the  pressxure  of  steam  may  be  found  from  the  tem- 
perature. 

•RTAMPT.Tii- 

What  is  the  pressure  of  saturated  steam  whose  temperature  is  20°  G.  ? 

We  must  use  here  the  second  formula. 

First,    log    o^  =  0.006864987  x  20  =  0.13729874    and    log   ft  +  log    a<  = 

SilSlOQOTll  +  0.13729874  =  2.269289  =  the  number  0.0185903.      We  have  for 

log  P',  r.996726536  x  20  =  T. 93451072,   and  log  c  +  log    P'  =  0.611740767  + 

198451072  =  0.64625149  =  the  number  3.5177.  Then,  a  -  c/3'  =  4.78937  -  8.5177 
=  1.22167.  Finally,  log  p  -  0.0185903  +  1.22167  =  1.24026.  Hence  p  =  17.888 
miUimeters.  More  exact  calculation  would  have  given  17.871.  Table  I.  at  the 
end  of  this  work  gives  the  pressure,  according  to  Begnault's  calculations,  from 
-  82"  to  280*. 

The  formula  of  Magnus  is 

7.4475  g 

p  =  4525  X  10**^^' 

in  which  t  is  the  temperature  and  j>  the  pressure  in  millimeters. 
It  giyes,  for  temperatures  below  100'^,  excellent  results  as  com- 
pared with  experiment.  Above  100°  the  agreement  is  not  so 
good.  By  a  change  of  coefficients,  however,  great  exactness 
mi^y  be  attained  here  also.  The  formula  is,  moreover,  very 
convenient  for  calculation,  as  an  example  will  show. 
24 
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EXAMPLE. 

What  IB  the  pressure  of  saturated  steam  at  180"*  ? 


Here  t-  180,  hence  ^  =  4.626  x  lO»*-w  +  i«o  --4.525  x  10*^  =  4535  x 
1QS.I648.  Xow  the  log  of  10s^««d  is  2.6548,  and  the  corresponding  number  is  45L65. 

Hence  p  =  4.525  x  451.65  =  2042.716  millimeters  =  ^^^  =  2.688   atmos- 
pheres.   According  to  Begnault's  formula  we  should  have  2.671  atmospheres. 

The  formula  also  has  the  advantage  that  we  may  find  in- 
versely the  temperature  from  the  pressure. 
Thus  we  have 

log^  =  log4525  +  ^^^, 

or 

23469  \ogp  +  t  log  j>  =  234.69  log  4525  +  t  log  4525  +  7.447K. 
hence 

23469  (log  j?~  log  4525)  __  23469  log  y  -  153.867 
""  log  4525  -  log  i?  +  7.4475  ~"        8.10312  -  log  ^i       " 


EXAMPLE. 

If  the  pressure  of  steam  is  10mm.  what  is  its  temperature? 
Here  p  =  10,  hence  log  p  =?  1,  and  we  have 

.  _  28469  -  158.867  _  80.828  _ 

7.103  -^  7.108  -"•^• 

The  formula  of  Bontgen,  for  temperatures  from  —  32""  to  IW, 
is 

log^  =  log  760  —  {a-\-hx  +  coi?'\'  daf) x, 

where  a  =  0.015432,        6  =  0.0000542,        c  =  0.0000000704 
d  =  0.0000000000066,        a?=;  100  -  ^. 

Here  t  is  the  temperature,  and  p  is  given  in  millimeters. 
If  ^  is  given  in  atmospheres,  we  have  more  simply 

log  j>  =—  (a  +  te  +  ca:?  +  daf)  a?, 

the  coefficients  being  the  same. 
Above  100°  the  formula  is 

log  JO  =  log  760  —  (a  +  fee  +  ca?)  x. 
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Where  a  =  0.015432,        6  =  0.00004266,        c  =  0.0000000704, 

and  a?  =  100  -  ^. 

Here  again,  for  the  pressure  in  atmospheres,  we  have 

log  J?  =  —  (a  +  6a?  +  (XX?)  x.  • 


What  is  the  tension  of  saturated  steam  when  the  temperature  is  lOS-OS"*? 

Here  /  =  105.08,  hence  100  ^t  =  —  )5.08.  Therefore,  in  the  equation  logp  = 
log  760  —  (a  +  &r  +  ea?)  x,  the  first  and  third  term  in  the  parenthesis  will  be 
poeitiye,  and  the  second  negative. 

We  have 

a =      0.015483 

ex*  =  0.0000000704  x  •25.806 =      0.00000182 

0.01548382 

&c  =  0.00004265  x  -6.08 =  -  0.00021666 

a  +  bx  +  ex* =   0.01521716 

'-la  +  hx  +  ex')x =   0.0778024 

log  760 =      2.8808186 

logp =      2.8681160 

p  =  908.06  millimeters. 

Regnanlt  found  by  experiment  90487  millimeters. 
The  following  table  gives  the  pressures  for  other  liquids,  ac- 
cording to  Begnault 


Temperatnie 
C. 

Bther. 

Alcohol. 

Acetic  Acid. 

Chloroform. 

Chloride  of 
Carbon. 

Bisulphide  of 
Carbon. 

0* 

184.88 

12.70 

68.88 

69.72 

82.96 

127.91 

10 

286.88 

24.28 

110.82 

100.47 

66.97 

198.46 

20 

482.78 

44.46 

180.08 

160.47 

90.99 

298.03 

80 

684.80 

78.52 

280.06 

247.61 

142.27 

443.62 

40 

907.04 

188.69 

419.86 

869.26 

214.81 

617.68 

60 

1264.88 

219.90 

608.81 

536.06 

814.38 

867.07 

60 

1726.01 

850.21 

860.96 

755.44 

447.43 

1164.61 

70 

2804.90 

641.15 

1189.90 

1042.11 

621.15 

1562.09 

80 

8022.79 

812.91 

1611.06 

1407.64 

848.29 

2032.68 

90 

8898.26 

1189.80 

2140.82 

1865.22 

1122.26 

2619.08 

100 

4968.80 

1697.56 

2796.20 

2428.54 

1467.09 

8826.19 

110 

6214.68 

2867.64 

8694.83 

8110.99 

1887.44 

4164.06 

120 

7719.80 

8231.73 

4661.95 

8926.74 

2398.67 

6148.79 

180 

4828.00 

6684.90 

4886.10 

2996.88 

6291.60 

140 

6674.69 

7007.64 

6000.16 

8709.04 

7608.96 
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QTTESnONS  FOB   EXAMINATION. 

What  pressure  in  kilogimms  per  square  meter  is  equal  to  one  atmosph^  f  What  is  a  liter  r 
How  many  millimeters  of  the  barometer  correspond  to  one  atmoi>phere  ?  When  water  is  bested 
in  a  vessel  under  constant  pressure,  describe  the  different  effects  of  the  heat  imparted.  In  csch 
kilogram  of  water,  how  many  heat  units  go  to  perform  the  outer  work  ?  How  many  to  perform 
disgregation  work  ?  How  many  to  perform  vibration  wo  A  ?  What  then  is  the  total  heat  im- 
parted in  heat  units?    Define  what  you  mean  by  heat  unit. 

What  is  the  relation  between  pressure  and  temperature  at  wliich  vflporization  begins?  HIds- 
trate.  What  is  "  specific  '*'*  steam  volume  ?  Illustrate.  How  does  this  volume  vary  with  the 
temperature  ?  How  does  the  density  of  steam  vary  with  the  temperature  ?  Upon  what  does 
ttie  increased  pressure  of  steam  at  high  temperatures  mainly  depend  ? 

What  do  you  understand  by  saturated  steam?  Hlnstrate.  How  does  it  difl^  from  penna- 
nent  gas  ?  What  do  you  mean  by  superheated  steam  ?  Why  is  it  called  mper-YketXeSi  ?  What  is 
its  specific  volume  as  compared  with  saturated  ?  For  the  same  specific  volume  how  do  the  press- 
ure and  temperature  compare  with  saturated  ?  If  saturated  steam  is  compressed  under  constant 
temperature,  what  happens  ?  If  superheated  steam  is  compressed,  what  happens  ?  What  is  a 
"vapor?" 

Upon  what  principle  do  the  experiments  of  Regnault  depend  ?  What  was  the  object  of  tliem  ? 
Why  cannot  the  steam  pressure  be  measured  directly  ?  How  did  Regnault  a^-oid  these  inaoears- 
cies  ?  Deecril)e  his  apparatus  and  its  method  of  working.  Have  his  experiments  given  any 
exact  law  between  pressure  and  temperature  of  saturated  steam  ?  If  saturated  steam  lias  a  cer- 
tain temperature,  has  it  a  definite  pressure  ?  Below  what  limit  of  temperature  does  the  formula 
of  Magnus  give  good  results  ?  What  limits  are  included  by  Regnanlt*s  fonnuls?  Are  these 
formulae  within  their  limits  reliable?  How  were  they  deduced?  Between  what  limits  does 
BOntgen's  formula  hold  good  ?  Do  any  €t  these  fonnnln  hold  good  for  superheated  steam? 
Why  not?    What  is  given  by  Table  I. ? 
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HEAT  OP  THE  UQUID. — ^TOTAL  HEAT. — INNER  AND  OUTEB  HEAT  OT 

VAPORIZATION. — HEAT  OP  THE  STEAM. 

Specific  Heat  and  Heat  of  the  Liquid. — ^Begnault  has  also  inves- 
tigated, ^th  the  same  careful  accuracy,  whether  the  amount  of 
heat  required  by  water  for  a  certain  given  rise  of  temperature 
is  the  same  at  high  temperatures  as  at  low.  In  other  words, 
whether  the  specific  heat  of  water  is  constant  for  all  tempera- 
tures— ^if,  for  example,  the  heating  of  one  kilogram  of  water 
from  0""  to  10°,  20°,  etc.,  requires  ten  or  twenty  times  as  much 
heat  as  from  0°  to  1°.  Begarded  from  the  standpoint  of  the 
mechanical  theory  of  heat,  this  involves  the  following  ques- 
tions: 

1.  Is  the  work  required  for  a  certain  rise  of  temperature  of 
the  water  greater  or  less  for  high  temperatures  than  for  low  ? 

2.  Is  the  disgregation  work  and  outer  work  greater  or  less  ? 

This  last  would  be  the  case,  if  the  water  at  high  tempera- 
tures expanded  more  or  less  than  at  low.  Numerous  experi- 
zients  have,  however,  shown  that  the  expansion  of  water  is 
almost  the  same,  relatively,  under  the  ordinary  pressure  of  the 
atmosphere,  for  all  temperatures.  Since,  as  we  have  seen  al- 
ready in  Part  I.,  the  disgregation  work  is  extremely  small  in 
comparison  with  the  vibration  work,  we  can  also  neglect  its 
influence,  and  have  only  to  consider  that  heat  which  is  requi- 
site for  the  rise  of  temperature. 

The  apparatus  used  by  Begnault  consisted  in  part  of  that 
which  he  made  use  of  for  the  determination  of  steam  pressure, 
viz.,  of  a  boiler,  in  which  the  pressure  and  temperature  of  the 
steam  and  water  were  carefully  determined.  By  means  of  a 
pipe,  closed  by  a  cock,  the  water-space  of  the  boiler  was  con- 
nected with  a  calorimeter.    The  water  passing  from  the  boiler 
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to  this  calorimeter  could  be  exactly  determined^  and,  by  ther- 
mometers, the  temperatnre  of  the  cooling  water  was  deter- 
mined at  every  instant  By  a  suitable  apparatus  the  hot  water 
was  made  to  mix  quickly  with  the  cold  water  of  the  calorim- 
eter, so  that  as  little  heat  as  possible  was  lost  by  radiation 
and  conduction. 

After  the  air  pressing  upon  the  water  in  the  boiler  had  been 
compressed  to  a  given  point,  and  the  water  brought  to  the  boil- 
ing point,  the  cock  was  opened  for  a  short  time,  so  that  a  cer- 
tain quantity  of  water  passed  into  the  calorimeter,  under  al- 
most constant  pressure. 

If,  now,  the  water  while  heated  up  to  boiling  liad  expanded 
much,  it  would  have  overcome  the  air  pressure  through  a  cer- 
tain distance,  performed  a  certain  amount  of  mechanical  work, 
and  a  certain  quantity  of  heat  would  have  disappeared.  On 
entrance  into  the  calorimeter,  the  water  would  then  have  con- 
tracted under  the  same  pressure,  work  would  have  been  re- 
ceived by  it,  and  heat  would  have  reappeared.  We  should, 
therefore,  have  recovered  the  heat  necessary  for  the  expansion 
of  the  water.  Further,  the  water  rushes  into  the  calorimeter 
with  a  certain  velocity.  For  the  generation  of  this  velocity  a 
certain  amount  of  heat  must  be  expended.  But  neither  can 
this  be  lost,  because  the  water  comes  gradually  to  rest  in  the 
calorimeter,  so  that  its  living  force  is  transformed  into  heat 
again.  Therefore  the  heat  appearing  in  the  calorimeter  is  pre- 
.frisely  that  which  the  water  received  in  the  boiler. 

From  his  experiments  Begnault  found  by  calculation  that  the 
specific  heat  of  water  between  the  temperatures  t^  and  ^,  for  ex- 
ample, between  50°  and  40"*,  or  between  90''  and  SO"*,  is  given  by 
the  equation 

Ci,.|  =  l+a(fi  +  0 +  6(«i« +  «!  +  <«)    .    .     (1). 

in  which  ^i  is  the  higher  and  t  the  lower  temperature.  For 
from  0°  to  ^1°  we  have,  therefore, 

C|.  =  1  +  a^  +  Wi» (2). 

In  order  to  determine  the  coefficients  a  and  6,  Begnault 
found  first  the  mean  specific  heat  of  water  between  O''  and  100  , 
or  that  heat  which  in  the  mean  is  required  by  1  kilogram  of 
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water  between  0''  and  lOO""  to  raise  its  temperatnre  1"^.    He 
found  for  this  1.005  heat  units,  so  that  we  have  from  (2) 

(7,00  =  1.005  =  l  +  axlOO  +  6xlOO»    .    .    (3). 

For  the  specific  heat  between  0°  and  200°,  he  found  Oaoo  = 
L016.    Hence  we  have 

Caoo  =  1.016  =  1  +  a  X  200  +  6  X  200*    .     .     (4). 

From  (3)  and  (4)  a  and  b  can  be  readily  found.    We  have 

a=  0.00002    and    6=0.0000003; 

hence  equation  (1)  becomes 

(7|,_i  =  1  +  0.00002  (^  +  O  +  0.0000003(<»  +  «i  +  i^).    (5). 

EXAMPLE. 

What  is  the  mean  specific  heat  of  water  between  15*-  and  25*",  and  how  much 
heat  is  necessary  to  raise  1  kilogram  of  water  from  15**  to  25**  ? 
Here  t^  =  25,  and  t  =  15,  and  /  +  ^|  =  40.    Hence 

Cm-i5=  1  +  0.00002  X  40  +  0.0000008  x  (15«  +  15  x  25  +  25«) 
=  1  +  0.0008  +  0.0000008  x  1225 
=  1.0011675  heat  units. 

Therefore  the  heat  necessary  to  raise  1  kilogram  of  water  from  15**  to  25°  is 
1.0011675  (25  -  15)  =  1.0011675  x  10  =  10.011675  heat  units.  If  the  specific  heat 
of  water  were  constant  for  all  temperatures,  the  heat  required  would  have  been 
simply  10  heat  units. 

If  in  (5)  we  put  0  in  place  of  t,  we  have  the  specific  heat  of 
water  between  0°  and  t°.  If  we  denote  this  mean  specific  heat 
by  Cflt,  we  have 

(7^  =  1  +  0.00002«  +  0.0000002<« .    .    .    .   (L) 

Thus  the  mean  specific  heat  between  0°  and  150°  is 

(7«  =  1  +  0.00002  X  150  +  0.0000003  x  150^  =  1.00975. 

The  amount  of  heat  necessary  to  raise  1  kilogram  of  water 
from  0°  to  f  is  evidently 

CJ  =  (1  +  0.00002^  +  0.0000003?)^ 
=  t  +  0.00002^  +  0.0000003^. 
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This  heat  is  verj  appropriately  .called  the  ''heat  of  the 
liquidy"  and  denoted  by  q^  so  that 

gr  =  ^  +  0.00002<«  +  0.0000003^  .    .    .     (H) 

This  very  important  equation  gives,  therefore,  the  quantity 
of  heat  in  heat  units  necessary  to  raise  1  kilogram  of  water 
from  0°  to  t\ 

The  values  in  column  5  of  Table  EL  are  calculated  from  this 
formula. 

Begnault  has  found  the  heat  of  the  liquid,  for  other  liquids 
also,  and  given  empirical  formulsB,  as  follows : 

For 

Ether. g  =  0.52901^  +  0.0002959A 

Alcohol q  =  0.54754^  4-  0.001122?  +  0.000002^. 

Acetic  acid. y  =  0.50643^  +  0.000397^'. 

Chloroform q  =  0.23235*  +  0.0000507ft 

Chloride  of  carbon. . . .}  =  0.19798*  -f  0.0000906ft 
Bisulphide  of  carbon... (^  =  0.23523*  -f  0.000082*». 

We  have  thus  far  spoken  of  the  mean  specific  heat  of  water, 
that  is,  of  the  mean  amount  of  heat  required  to  raise  1  kilogram 
of  water  one  degree,  between  the  limits  *°  and  t^  or  0°  to  f. 
But  this  is  not  the  heat  necessary  to  raise  the  temperature  of 
water  1°  above  a  given  point,  or,  more  properly,  a  very  little 
above  that  point.  Since  in  this  case  *i  is  but  little  greater  than 
*,  we  find  the  cuAucd  specific  heat  at  V"  by  making  *i  =  *  in  (5). 

If  we  denote  this  "  actual  specific  heat "  by  G  simply,  we 
have 

(7=1  +  0.00002  (2*)  4-  0.0000003  (3*^, 
or 

(7=1+  0.00004*  +  0.0000009? ....    (HL) 

Example  1. — What  is  the  actual  specific  heat  of  water  at  100*  and  at  180°  ? 
For  lOO'*  we  have 

C7- 1  +  0.00004  X  100  +  0.0000009  x  10000 
=  1  +  0.004  +  0.009  =  1.013. 

If,  then,  we  denote  the  heat  necessary  to  raise  1  kilogram  of  water  at  0*  a  Tery 
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little  lugher,  by  x,  the  heat  necessary  to  raise  1  kilogram  at  100'',  the  same  small 
amount  Is  1.013:?. 

The  specific  heat  at  IdO"*  is 

e^\  +  0.00004  X  180  +  0.0000009  x  16800 
=  1  +  0.00520  +  0.01521 
=;  1.02041. 

EzAMFLB  2. — ^How  many  heat  units  are  necessary  to  raise  100  kilograms  of 
water  from  0**  to  100**  ? 
From  (II.)  we  have 

9  =  100  +  0.00002  X  10000  +0.0000008  x  1000000 
=  100  +  0.2  +  0.8  =  100.5  heat  units, 

hence  100  kilograms  will  require,  in  order  to  raise  the  temperature  from  O"*  to 
100%  100.5  X  100  =  10050  heat  units. 


The  heat  necessary  to  raise  one  kilogram  of  water  from  t  to 
ti  degrees,  is  given  by 

ji  -  5  =  ^  -  ^  4-  0.00002  {1^-^)  +  0.0000003  {t^  ~  f). 

Thus,  to  raise  one  kilogram  of  water  from  10°  to  lOO"*,  we 
require 

ji  -  g  =  100  - 10  +  0.00002  (100»  -  IQP)  +  0.0000003  (100^  -  10^ 
=  90  +  0.198  -f  2997  =  90.4977  heat  units. 

Toted  HeaJt  and  Heat  of  Vaporizatum. — The  "  total  heat,"  that 
is,  the  amount  of  heat  necessary  in  order  to  raise  1  kilogram  of 
water  gradually  from  0""  to  saturated  steam  of  a  given  tempera- 
ture and  pressure,  has  also  been  determined  with  great  care 
by  Begnault.  A  part  of  the  apparatus  used  in  these  experi- 
ments consisted,  as  before,  of  the  boiler  and  globe  already 
described.  The  steam  generated  was  conducted  into  a  calo- 
rimeter, which  was  also  connected  with  the  globe.  Since,  there- 
fore, the  water  was  evaporated  under  the  same  pressure  at 
which  it  was  condensed,  the  heat  obtained  in  the  calorimeter 
was  equal  to  that  imparted  to  the  steam  in  the  boiler. 

The  observations  showed  that  the  heat  imparted  to  1  kilo- 
gram of  water,  in  order  to  convert  it,  at  various  pressures,  into 
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saturated  steam,  increased  slowly  with  the  temperataroy  and 
was  given  by  the  following  empirical  formabe : 

jr=  606.5  +  0.305^ (IV.) 

where  W  is  the  total  heat  and  t  the  temperature  of  the  water 
or  steam. 

Thus  in  order  to  convert  1  kilogram  of  water  into  steam  at 
10%  20°,  or  100%  we  require 

W=-  606.5  +  0.305  x    10  =  609.55  heat  units. 
W=  606.5  +  0.305  x    20  =  613.60    " 
W  =  606.5  4-  0.305  x  100  =  637 

For  the  total  heat  of  other  liquids,  Begnault  found  for 

Ether. W=    9400  +  0.45000^  -  0.0005555a». 

Acetic  acid W=  140.50  +  0.36644^-0.000510*. 

Chloroform W=z    67.00  +  0.1375«. 

Chloride  of  carbon W^    62.00  +  0.14625^  -  0.000172<«. 

Bisulphide  of  carbon  .  .  W=    90.00  +  0.14601^  -  0.0004123^. 

If  we  subtract  the  ''heat  of  the  liquid"  from  the  total  heat, 
we  have  not  only  the  heat  necessary  for  the  transformation  of 
the  water  into  steam,  but  also  that  required  for  the  outer  work. 
This  heat,  therefore,  we  call  the  ^Hotal  heat  of  vaporiaaiion^*  and 
denote  it  by  r. 

Accordingly  we  have 

r=  lF-(7 (V.) 

or  putting  for  W  and  q  their  values, 

r  =  606.50  -  0.695^  -  0.00002^  -  0.0000003<» .    (VL) 

From  this  formula  we  see  that  the  ''total  heat  of  vaporiza- 
tion "  diminishes  as  the  temperature  increases ;  is  less,  for 
example,  at  200°  than  for  100°. 

The  following  formulse  give  the  total  heat  of  vaporization  for 
other  liquids : 
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For 

Ether r  =   9400  -  0.0790K  -  0.0008514^. 

Acetic  acid r  =  140.5    -  0.13999/  -  0.0009125^'. 

Cihloroform r  =    67.00  -  0.09485«  -  0.0000507<». 

Chloride  of  carbon r  =    52.00  -  0.05173<  -  0.0002526^. 

BisTilphide  of  carbon . . .  r  =    90.00  -  0.08922<  -  0.0004938<». 

Instead  of  the  above  complicated  formnlse  for  the  vaporiza- 
tion heat  of  water,  Olansius  gives 

r  =  607-0.708< (VIL) 

According  to  this,  the  total  heat  of  vaporization  for  100°, 
150°,  and  200°,  is 

r  =  607  -  0.708  x  100  =  607  -   70.8  =  636.2  heat  nnits. 
r  =  607  -  0.708  x  150  =  607  -   96.2  =  500.8     " 
r  =  607  -  0.708  x  200  =  607  - 141.6  =  465.4     « 

These  yary  somewhat  from  the  values  found  from  the  more 
exact  formula. 

The  facts  cited  seem  to  indicate  that  liquids  are  converted 
into  steam  sooner,  the  higher  the  temperature  at  which  evapo- 
ration takes  place,  or,  what  is  the  same  thing,  the  greater  the 
pressure  under  which  the  steam  is  generated.  The  reason  is 
evident,  for  the  more  heat  the  liquid  contains,  the  further  apart 
are  the  molecules,  and  the  less  is  the  mutual  attraction  between 
them.  The  "heat  of  the  liquid"  is  evidently  the  so-called 
"  sensible  heat"  The  "  total  heat  of  vaporization  "  is  the  so- 
called  "latent  heai" 

Thus  far  reach  the  extended  and  famous  experiments  of  Beg- 
nault,  to  whom  our  science  is  greatly  indebted. 

We  pass  now  to  that  which  the  mechanical  theory  of  heat 
deduces  from  these  experiments. 

Itmer  and  OtUer  Heat  of  Vaporization, — Beat  of  the  Steam. — 
Of  the  total  heat  imparted  when  1  kilogram  of  water  at  0"*  is 
converted  into  saturated  steam  at  any  given  temperature,  a 
portion  goes  to  increase  the  temperature  of  the  water.  This 
we  have  called  the  "heat  of  the  liquid,"  or  the  sensible  heat. 
This  is  the  heat  which  takes  effect  as  vibration  work  of  the 
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particles,  and  exists  in  the  water  (X8  heoL  Another  portion  goes 
to  change  the  water  into  steam.  This  we  call  the  *'  total  heat 
of  vaporization"  or  the  latent  heat*  Of  this  last  portion  a 
part  is  required  for  the  change  of  state  of  the  liquid,  that  is, 
for  the  disgregation  work,  and  another  part  is  required  for  the 
outer  work.  The  first  part  we  call  the  ^' inner  yaporization 
heat,"  or  the  inner  latent  heaJty  and  the  second  part  is  the ''  outer 
yaporization  heat,"  or  the  outer  laJb&id  heat.  The  total  heat  im- 
parted, then,  during  the  whole  process  of  the  conversion  of  one 
kilogram  of  water  into  steam,  consists  of  three  parts — ^the 
aensihle  heat  of  the  liquid  at  the  boiling  point,  the  inner  latent 
heat,  and  the  outer  latent  heat.  The  two  last,  taken  together, 
comprise  the  total  latent  heat,  and  the  two  first,  the  *'  heat  of  the 
steam,"  since  it  is  the  heat  which  remains  after  subtracting  from 
the  total  heat  imparted  the  heat  required  for  the  performance 
of  the  outer  work.  The  rest  remains  in  the  steam,  part  as 
heat  or  actual  energy  of  motion,  in  the  shape  of  yibration 
work  or  sensible  heat,  and  part  as  energy  of  position,  or  poten- 
tial energy,  in  the  shape  of  disgregation  work,  or  change  of 
state,  or  **  latent  heat." 

Since  the  pressures  are  known  under  which  water  is  vapor- 
ized at  different  temperatures,  and  since,  as  we  shall  see,  we 
can  calculate  the  steam  volume  produced  from  one  kilogram  of 
steam  at  different  temperatures,  we  can  easily  find  for  every 


*  [**  Latent  heat  **  haa  become  part  of  the  vocabulary  of  oar  snbject,  and  cannot  now  well  be 
gotten  rid  of,  but  the  term  is  objectionable  unleas  properly  nnderetood.  **  It  ahonld  be  remem- 
bered that  h^t  Is  a  kind  of  actual  or  kinetic  enensry.  consisting  in  the  invisible  motions  of  the  pa^ 
tides  of  a  body,  and  hence  that  heat  Is  not  potential  ener^ ;  for  its  ability  to  perform  work 
depends  only  upon  the  heat  motions  of  the  particles,  and  not  on  their  relative  poci^ioM."  Heat, 
therefore,  which  is  expended  in  perfonnlnfjr  outer  work,  ceases  entirely  to  exist  in  the  body  as 
hecLt  at  all.  The  term ''  latent  heat  **  has  come  down  to  us  from  a  time  when  heat  was  supposed 
to  be  a  substance,  and  consequently  indestructible,  and  although  we  now  know  that  heat,  as  sach, 
can  be  put  out  of  existence  by  transformation  into  other  forms  of  energy  which  do  not  affect 
the  thermometer,  still  the  term  remains,  and  continues  to  lead  many  to  believe  that  the  heat 
which  has  been  absorbed  or  disappeared  in  doing  work  still  lurks  concealed  somewhere  in  the 
working  substance  as  heat.  This  is  less  often  the  case  when  external  work  only  is  considered, 
for  the  equivalent  of  the  disappearing  heat  is  then  seen  in  visible  external  work ;  but  when  the 
internal  work  done  in  separating  the  molecules  and  changing  their  arrangement  is  under  con- 
sideration, the  beginner  is  apt  to  thfnk  that  this  kind  of  work  "don't  count,''  and  that  the  heat 
which  has  been  expended  in  accomplisliing  it  still  exists  in  the  body  as  heat,  instead  of  recognis- 
ing that  in  tliis  case  also  it  has  disappeared  by  being  transformed  into  another  kind  of  energy— 
that  of  position— which  also  does  not  affect  the  thermometer. 

No  error  can  arise  from  the  use  of  the  term  **  latent  heat,"  however,  if  understood  as  defined 
by  Maxwell :  "  Latent  heat  is  the  quantity  of  heat  which  must  be  communicated  to  a  body  in  a 
given  state  in  order  to  convert  it  into  another  state  without  ctianging  Its  temperatora."  (See 
article  by  J.  F.  Klein,  Journal  of  Franklin  Inst.,  April,  1879.)] 
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temperattire  the  outer  latent  heat,  or  '^  outer  heat  of  yaporiza- 
tion." 

Then  by  subtracting  this  outer  latent  heat  from  the  total 
latent  heat  we  obtain  the  inner  latent  heat  which  goes  to  trans- 
form the  water  into  steam,  or  to  perform  disgregation  work. 
This  inner  latent  heat  we  denote  bj  the  Greek  letter  />,  while 
the  total  latent  heat  is,  as  before,  denoted  by  r. 

As  we  have  seen  in  Chapter  XIY.,  page  361,  at  the  tempera- 
tare  of  100''  the  inner  latent  heat  is  496.3,  the  outer  latent  heat, 
page  362,  is  40.2,  and  the  sensible  heat  is  100  heat  units  when 
one  kilogram  of  water  at  0°  is  converted  into  saturated  steam 
at  100^ 

Zeuner  has  found  that  the  inner  latent  heat  is  given  by  the 
formula 

p  =  a  —  bt  —  cfiy 

where  the  coefficients  a,  &,  c  have  special  values  for  each  dif- 
ferent liquid,  and  t  is  the  temperature  for  which  the  inner  latent 
heat  is  required.    For  water  we  have 

a  =  575,40,        b  =  0.791,        0  =  0,        hence 

p  =  575.40  -  0.791^    ....     (VrCL) 


EXAMPLE. 

What  is  the  inner  latent  heat  for  saturated  steam  at  180'  and  at  ISO*"  ? 
For  180''  we  have 

p  =  575.40  -  0.791  x  130  =  472.57. 

For  150% 

p  =  575.40  -  0.791  x  150  =  456.75. 

Zeuner  has  found,  also. 

For 

Ether p=   8^54  -  0.10648^  -  0.0007160^. 

Acetic  acid. p  =  131.63  -  0.20184j{  -  0.0006280A 

Chloroform />  =    62.44  -  0.11282^  -  0.0000140^1 

Chloride  of  carbon  \..p=i   48.57  -  0.06844^  -  0.0002080?. 
Bisulphide  of  carbon,  .p  =   82.79  -  0.11446^  -  0.0004020?. 
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We  can  now  easily  deduce  a  general  expression  for  the  outer 
latent  heai 

Let,  again,  ABCD^  Fig.  63,  be  a  hollow  cylinder.  Upon  the 
bottom  lies  one  kilogram  of  water  at  0°,  and  the  piston  KK 
rests  upon  the  surface.  Upon  the  piston  we  have  the  press- 
ure p.  As  soon  as  the  water  is  heated  to  t""^  let  steam  for- 
mation commence.  Let  u  be  the  height  to 
^j  l"       which  the  piston  is  forced  when  all  the  water 

I  is  just  evaporated.    Then  the  work  performed 

^  by  the  steam  is 

pa  meter-kilograms. 

Since  a  mechanical  work  of  1  meter-kilogram 
corresponds  to  A-^^^^  heat  units,  this  work 
represents 

Apu  heat  units. 

This  is,  therefore,  the  general  expression  for 
the  outer  latent  heai  Since,  now,  the  total 
latent  heat  (r)  consists  of  the  inner  (p)  and  the 
outer  (Apu),  we  have 


r  =  p-^-  Apu 


(IX.) 


Fia.  88. 


From  Table  IL,  therefore,  we  can  easily  find 
r  for  different  pressures  ajid  temperatures.  We 
have  only  to  add  the  values  of  p  and  Apu.  Thus,  for  example, 
for  a  pressure  of  1.6  atmospheres,  therefore  for  a  temperature 
of  111.7%  r  =  487.01  +  41.16  =  528.17  heat  units. 

Under  the  assumption  that  Apu  can  be  calculated  for  every 
pressure  and  temperature,  and  that  r  is  given  by  observation, 
we  have 

p  =  r  --  Apu, 

and  from  this  the  values  of  p  in  the  table  are  calculated. 

Following  Zeuner,  we  have  called  that  work  which  heat 
causes  in  a  body  when  it  raises  its  temperature,  and  changes 
the  aggregation  of  the  molecules,  '*  inner  work;"  and  that  work 
necessary  to  overcome  the  outer  pressure,  "  outer  work."  In 
the  formation  of  steam  we  can  call  that  heat  which  raises  the 
temperature  of  the  Water  to  the  boiling  point,  and  converts  it 
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then  into  steam,  the  heat  of  the  steam  or  '^  steam  heaJty  This 
we  denote  by  J.  The  '* steam  heat"  consists,  therefore,  of  the 
sensible  heat  {q)  and  the  inner  latent  heat  (p),  and  hence 


J=  q  +  9 


(X.) 


Thus  we  can  find  J  from  Table  IL,  for  different  pressures. 
Thus,  for  2  atmospheres,  the  steam  heat  J  is  121.42  +  480.00 
=  601.42  heat  units. 

We  can  also  obtain  the  steam  heat  by  subtracting  the  outer 
latent  heat  {Apu)  from  the  total  heat  imparted  ( W).  Hence  we 
have  also 


«/=  W-Apu 


(XI.) 


This  expression  evidently  follows,  from  the  preceding,  when 
we  substitute  r  —  Apu  for  p.    Thus, 


J=z  q  ^  r  —  Apu, 


and  since  q  -{-  r  =  W 


J^  W-  Apu. 


We  give  below  a  scheme  of  the  manner  in  which  the  heat 
imparted  is  divided  up,  together  with  the  notation  employed. 
The  student  shoidd  make  himself  thoroughly  familiar  with  the 
exact  significance  of  each  letter,  and  their  mutual  relations. 


TOTAL  HEAT. 


Hcttt  of  llqaid 
(sensible  heat). 


Steam  heat 

J 


w 


Inner  latent 
heat. 

p 


Outer  latent 
heat 


Apu 


Total  latent 
heat. 
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QUESTIONS  FOB  EXAMINATION. 

Define  specific  heat.  Is  the  specific  heat  of  water  conataot  ?  What  two  aepante  questions 
are  involved  in  the  preceding  ?  Does  the  coefllcient  of  expansion  of  water  vary  at  different  tcm- 
peratnres  ?  Why  can  we  neglect  the  disgregatiou  work  ?  If,  then,  the  di«gr^^tion  work  and 
variations  of  outer  worlc  can  be  disregarded,  to  what  must  any  variation  in  specific  heat  of 
water  be  ascribed  ?  Describe  Hegnault's  apparatus  for  investigaiing  this  question.  Why  most 
the  heat  appearing  in  the  calorimeter  be  precisely  that  received  by  the  water  in  the  boiler  T 
What  is  Regnauirs  experimental  formula  for  the  specific  heat  of  water  between  /,  and  f  ? 
What  does  it  reduce  to  between  0<^  and  ^,<>  ?  How  did  ho  determine  the  value  of  the  oocflicients  ? 
What  is  meant  by  the  "  mean  specific  heat  f  **  What  is  the  *'  heat  of  the  liquid  ?  '*  What  letter 
in  our  notation  denotes  it  f  What  formula  gives  it  ?  Is  the  "  heat  of  the  liquid  "  always  greater 
numerically  than  the  temperature  *  What  is  "  actual  specific  heat  ?  "  How  does  It  dilEer  from 
"mean?" 

What  do  you  undersUnd  by  "  total  heat  f  "  Describe  Regnanlt^s  apparatus  for  deteimlning 
it.  What  is  the  empirical  formula  for  the  total  heat  1  What  letter  in  our  notation  denotes  it? 
If  you  subtract  the  heat  of  the  liquid  from  the  total  heat,  what  remains  ?  Define  total  heat  of 
vaporization.  What  letter  denotes  it  in  our  notation  ?  What  is  the  fonnula  of  Clansins  fortotel 
heat  of  vaporization  ?  Does  it  frive  exact  results  ?  What  do  you  understand  by  sensible  beat? 
What  by  latent  heat  *  What  is  inner  latent  heat  ?  Outer  latent  heat  f  If  the  total  latent  heat 
and  the  outer  latent  heat  are  given,  how  can  yon  find  the  inner  latent  heat?  What  efliect  does 
this  heat  perform  ?  What  letter  in  our  notation  denotes  it  ?  What  is  Zenner*s  formula  for  it  f 
What  does  the  expression  Apu  denote  ?  Give  the  exact  significance  of  each  letter.  What  does 
r  denote  ?  p  ?  What  is  the  relation  between  r,  p,  and  Apu  ?  What  do  you  understand  by  steam 
heat  ?  What  letter  denotes  it  ?  What  is  the  relation  between  «/*,  9,  and  p  ?  Construct  schane 
which  shows  the  manner  in  which  the  total  heat  W\%  divided  up.  What  is  the  relation  between 
«/*,  TV,  and  Apu  ?   Give  the  exact  significance  of  each  letter. 


CHAPTEE  XVL 

CALCUIATION  OF  SPECIPIO  STEAM  VOLUME. — ^EMPIRICAL  FORMULffi  FOB 
THE  INNER  AND  OUTER  LATENT  HEAT,  AS  ALSO  FOR  THE  DENSTTT 
OF  STEAM. 

Calculation  qfSjpecific  Steam  Fdume. — ^The  question  now  arises, 
How  can  we  calculate,  from  the  temperature  and  pressure  of  the 
steam,  the  outer  latent  heat  (Ajm),  or,  what  amounts  to  the 
same  thing,  how  can  we  find  the  specific  steam  volume  ?  As 
soon  as  we  know  this  we  can  easily  determine  the  outer  and 
inner  latent  heai  At  first  the  specific  volume  was  found  by  the 
combined  law  of  Mariotte  and  Gay-Lussac. 

It  was  assumedy  therefore,  that  saturated  steam  behaved  pre- 
cisely like  a  permanent  gas,*  and  hence  that  its  specific  volume 
could  be  easily  found  from  its  temperature  and  tension.  Thus 
if  pis  the  expansive  force  of  a  permanent  gas,  7^  the  absolute 
temperature,  and  v  the  specific  volume,  we  have,  as  seen  already 
in  Part  L, 

where  B  =  29.272  for  air.  .  We  have,  therefore, 

BT 


V  = 


P 


Ghty-Lussac  concluded  from  his  experiments  that  the  volume 
of  steam^  at  the  same  temperature  and  tension,  was  always  1.6064 
times  as  great  as  that  of  air.    Hence  for  steam  we  should  have 

V  =  1.6064  X  29.272  -  =47.023  -. 

P P 

*  Since  now  all  the  so-called  "permanent  ga.«e8  "  have  been  liqaefied,  the  term  Is  only  to  be 
taken  aa  meaning  those  gases  removed  so  far  from  their  point  of  llqaefaction  that  the  disgre- 
gation  work  is  very  slight,  or  null,  and  which,  under  ordinary  pressure  and  temperature,  remain 
approximately  perfect  gasea. 
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From  the  preceding  we  can  find  upon  these  assumptions  the 
pressure  p  for  any  given  value  ol  T{=  273  +  t\  or  for  p  given, 
can  find  the  temperature.  (This^  at  least,  can  be  found  easily 
from  the  formula  of  Magnus.) 

EXAMPLE. 

What  is  the  specific  yolnme  of  steam,  according  to  the  aboye  (incorrect) 
formula,  for  the  temperature  of  lOO"*  and  144°  ? 

For  100<'  we  have,  from  Table,  p  =  10334  kilograms,  and  T  =  273  +  100  = 

878^    Hence  v  =  47.028  ^^.  =  1.6928  cubic  meters.^  The  volume  for  144°  is 

10334 

273  +  144 
47.023  - —  (since  for  144"  the  pressure  is  4  atmospheres),  or  0.4749  cubic 

meters. 

The  specific  weight,  or  the  weight  of  1  cubic  meter,  must  evidently,  according 

to  Gkij-Lussao,  be  always  ^  ^y>^  =  0.622  of  that  of  air  at  the  same  temperatuie 

and  pressure. 

Later  investigations,  especially  the  calculations  of  the  me- 
chanical theory  of  heat,  have  shown  that  the  experiments  of 
Gay-Lussac  are  7u>t  exact,  and  that  the  conclusions  drawn 
from  them  are  incorrect.  The  determination  of  steam  yolnme 
based  upon  these  experiments  and  assumptions  cannot,  there- 
fore, lay  claim  to  much  accuracy.  The  exact  determination  is, 
however,  essential  to  any  reliable  theory  of  tl^e  steam  engine, 
and  for  this  reason  all  such  theories  having  such  incorrect  basis 
are  inexact.  To  Clausius  belongs  the  credit  of  being  the  first 
to  show  how  steam  volumes  may  be  found,  by  the  aid  of  the 
mechanical  theory  of  heat,  with  far  greater  accuracy  than  ac- 
cording to  the  earlier  methods.  Before  we  give  his  method, 
we  would  call  attention  to  the  following  customary  terms  and 
notations  of  the  mechanical  heat  theory. 

Customary  Terms  and  Notation  f(yr  Steam.— We  call  the  volume 
occupied  by  1  kilogram  of  water  at  0°  the  ''specific  water  vdume,'' 
and  denote  it  by  (T.  The  volume  of  1  kilogram  of  water  at  0° 
is,  then,  (^  cubic  meters.  Let  us  again  assume  this  specific  water 
volume  inclosed  in  a  cylinder  with  a  movable  piston.  When 
heat  is  imparted"  we  have  a  gradual  evaporation  of  the  water. 
Suppose  that  at  any  moment,  of  the  1  kilogram  of  water,  x  kilo- 
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grams  are  steam  (x  being  then  less  than  1),  then  1  —  x  kilo- 
grams are  still  water.  Since  now  1  kilogram  of  water  occupies 
the  space  (T,  if  we  disregard  the  slight  increase  of  bulk  of  the 
water  when  heated,  1  —  x  kilograms  will  occupy  the  space 
{1  —  x)  (T  cubic  meters.  When  the  entire  kilogram  of  water  is 
just  converted  into  steam,  let  its  volume,  that  is,  the  specific 
steam  volume,  be  8,  The  volume  of  x  kilograms  will  then  be 
8X  cubic  meters.  Therefore  the  entire  volume  of  the  1  —  a? 
kilograms  of  water,  and  of  the  x  kilograms  of  steam  will  be 

(1  —  cc)  (T  +  a»  cubic  meters. 

This  volume,  whose  weight  is  still  one  kilogram,  and  which 
consists  partly  of  steam  and  partly  of  liquid,  we  denote  by  v, 
so  that  we  have 

V  =  (1  —  X)  (T  +  X8, 

or 

«  =  <r  —  a;<r  +  cc»  =  (T  +  («  —  <r)  jc 

That  is,  the  specific  volume  of  the  mixture  of  steain  and 
water  is  equal  to  the  specific  water  volume  (<t)  plus  the  pro- 
duct of  the  steam  weight  (x)  into  the  difference  of  the  specific 
steam  and  water  volumes.  Clausius  denotes  this  difference 
{8  —  <r)  by  Uy  so  that 

The  value  of  (T  is  readily  determined  by  experiment  for  dif- 
ferent liquids.     Thus  it  has  been  found 


For 


Water (T 

Ether <r 

Alcohol (T 

Acetic  acid. cr 

Chloroform a* 

Chloride  of  carbon (T 

Bisulphide  of  carbon <r 


0.001    cubic  meters. 

0.0013 

0.0013 

0.0012 

0.0006 

0.0006 

0.0008 


Hence  we  see  <r  is  so  small  with  regard  to  luc  that  it  may  be 
disregarded,  and  we  have  simply 


v  =  nx. 


388 


THEBMODTNAMICS. 


EXAHPIiE. 

What  is  the  Tolame  of  a  quantity  of  steam  and  water  at  100*,  whose  weight  is 
1  Icilogram,  whicb  consists  of  0.3  kilograms  steam,  and  0.7  kilograms  water? 

Accordmg  to  Table  II.,  for  lOO"*  u  rr  1.648  cubic  meters,  hence  %u>  =  1.649  x 
0.3  =  0.4847  cubic  meters,  and  6  -i-uz^  0.001  +  0.4847  =  0.486  cubic  meters. 

Example  2.— One  kilogram  of  steam  and  water  has  a  temperature  of  ld0.3^> 
of  which  0.5  cubic  meter  is  steam.     How  much  does  it  weigh? 

Since  at  the  temperature  180.8^  u  =  0.647  cubic  meter,  and  6  is  very  small 
compared  to  «,  we  have 


0.5  =  0.001  +  0.647X.    Hence  x  = 


0.488 
0.647 


=  0.77  kilograms. 


The  water  is  therefore  1  —  0.771  =  0.228  kilograms. 


0 


B 


PhPh 


D 


««^ 


(hiA 


Steam  Volume,  cakviaJbeA  according  to  the  Principles  of  Thermo- 
dynamics. — ^Let  as  now  see  how  the  specific  steam  yolmne  may 
be  calculated. 
Let  OAy  Fig.  Q^  be  the  specific  water  volnme  (<t).    We  con- 
ceive it  again  inclosed  in  a 
cylinder  of  1  square  meter, 
cross-section,  and  the  piston 
loaded  with  p  kilograms.    In 
such  case,  then,  (7  is  the  dis- 
tance of  the  surface  of  the 
water,  or  of  the  piston,  from 
bottom  of  the  cylinder.  After 
the  water  is  heated  to  i^,  let 
the  steam  generated  just  have 
the  pressure  p.    Therefore  i^ 
M    the  boiling  point  corre- 
HcT^X  sponding  to  the  pressure  p. 
Bj  further  addition  of  heat 
steam  is  formed,  and  the  pis- 
ton will  be  lifted.    When  aU  the  water  is  converted  into  steam, 
let  the  specific  steam  volume  he  0G  =  8.    In  other  words,  the 
piston  now  stands  at  the  height  00  from  the  bottom.    The 
distance  passed  through  by  the  piston  is  then  OG  —  OA^ 
8—  (T  =z%u    During  this  the  pressure p  is  constant 
Let  us  now  suppose  the  specific  steam  volume  8  to  expand 


•s- 

■41- 


k  AH. 


-V- 


# 


1 
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adiabatically  until  the  temperature  has  sunk  by  the  very  small 
quantity  r,  and  the  pressure  p  has  bacome  jpi.  For  this  small 
decrease  of  temperature  we  may  assume  that  the  saturated 
steam  acts  as  a  permanent  gas,  and  hence  the  line  CDy  which 
is  an  adiabatic,  for  this  very  short  distance^  is  a  straight  line. 

Now  let  the  steam  at  pressure  px  be  compressed,  and  heat  at 
the  same  time  abstracted,  so  that  the  pressure  pi  remains  con- 
stant until  the  specific  volume  of  water  and  steam  is  OH^  the 
volume  of  the  mixture,  or  the  position  of  jET,  being  so  chosen 
that  when  the  remaining  steam  is  compressed  adiabatically 
along  BEy  it  shall  all  be  condensed,  and  come  back  to  its  origi- 
nal temperature  and  its  original  volume. 

We  have  in  this  way  completed  a  simple  cycle  process,  and 
the  outer  work  performed  is  given  by  the  shaded  ar.ea  BCDE, 
or  by  the  product 

{p-Pi)BG=(p-pi)iL 

The  heat  imparted  from  ^  to  (r,  or  J9  to  O,  is  greater  than 
that  abstracted  from  D  to  Ey  and  the  difference  must  equal  the 
outer  work. 

If  we  denote  the  heat  imparted  by  Q,  the  work  performed  is 
(page  184,  Part  L) 

Q 


AT 


[^-(r-r)] 


where  T  =  273  +  ^  is  the  absolute  temperature  of  the  steam 
from  J5  to  (7,  T-  r  =  273  +  ^  -  r  that  from  2?  to  ^.  We  have 
therefore 


ip-pi)u^'jLr. 


AT 
Denoting,  for  the  sake  of  brevity,  p  —  px^yj  n^ 

Q    r 

Now  Q  is  evidently  that  heat  which  must  be  imparted  to  1 
kilogram  of  water  at  the  temperature  ^,  in  order  to  convert  it, 
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under  constant  pressorey  into  steam  of  T,  or  it  is  the  total  latent 
heat  of  vaporizationy  r.    Hence 

r      r      4Mr    r  /vtt\ 

''  =  AT-ii=-T-'^'  •  •  •  (xn.) 

This  formula  is  the  most  important  hitherto  deduced  from 
the  application  of  the  mechanical  theory  of  heat  to  steam. 
From  it  and  the  preceding  equations,  those  which  follow  can  be 
easily  derived. 

The  ratio  -  of  the  change  of  temperature  to  the  change  of 

It 

pressure,  can  be  exactly  determined  by  the  formulae  on  page  369 
and  following,  or  by  means  of  the  calculus.  The  fact  that  the 
differences  of  pressure  for  the  temperatures  f  :f-  1,  f,  and  ^  —  1 
are  nearly  the  same,  furnishes  the  means  of  determining  this 
ratio  in  an  elementary  manner  with  all  necessary  exactness. 
Thus,  for  example,  if  we  wish  to  determine  u  for  a  temperature 
of  80%  and  take  the  difference  of  pressure  (tt)  for  80°  and  79% 
this  difference  will  be  relatively  too  smalL  If  we  take  the  dif- 
ference of  pressures  for  80''  and  81°,  it  will  be  relatively  too 
large.  If  we  take  the  mean  of  both  differences,  it  will  be  veiy 
closely  the  increase  or  decrease  of  pressure  for  a  very  small 
change  of  temperature.  If  we  denote,  therefore,  the  pressure 
at  81°  by  |),  and  at  79°  by  ^  we  have  for  r  about,  say,  ^  ol^ 
degree. 

or  generally 


2 

Here  p  and^  denote  the  pressure  in  kilograms  per  square 
meter.v  Table  L  gives  them  in  centimeters  of  barometer.  To 
reduce  those  in  the  table  to  kilograms  per  square  meter  we 
have  to  multiply  the  tabular  values  in  millimeters  by  mi^ 

We  have  then 

I  =       2  X  760       ^  0.147 
Tt      10334 (jp  -  J),)      p-pi' 

where  p  and^i  are  given  in  millimeters  of  metcury  column. 
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The  formula  for  u  becomes  then 

424x0.147r      62.328     r  ,vtttx 

The  specific  steam  volame  s  we  can  at  once  obtain  from  u 
by  adding  the  specific  water  yolome  a*  =  0.001.    Thus 

62.328  r    ,  ^^-       , .         , 
8  = 7=  +  0.001  cubic  meters. 


EXAMPLE. 

What  is  the  yalue  of  u  for  0**  and  for  SO"*  ? 

According  to  RSntgen's.fonnula  for  finding  the  pressure  from  the  tempera- 
ture, already  given,  we  have  for  +  V^  p-=.  4.91,  and  for  —  1**,  p^  =  4.25  milli- 
meters. Further,  the  latent  heat  of  vaporization,  r,  for  0"*  is  606.5  heat  units. 
Hence 

62.828  606.5       n^A »«     u-        4. 

•*  =  4:9134:26  ^ -2^- =  ^-^  ^^^'^  °^'*^"- 

By  the  aid  of  the  calculus,  and  using  Regnault's  values  for  the  pressures,  we 
should  obtain  u  =  210.66.    The  difference  is  then  very  small. 

Again,  for  81°,  we  have  from  the  table,  p  =  369.258,  and  for  79°,  ^1 
=  840.464  millimeters.    Since  for  80°  r  =  550. 618, 

62.828  550.618       « orr^i       u-        * 

^  =  869.258  ^  840.464   "  2WT86  =  ^'^^^  cubic  meters. 

Columns  of  Table  II.  gives  the  accurate  values  of  u  from  0.1  to  14  atmoe- 
pheres. 

More  recent  investigations  of  Tate  and  Fairbaim  have  shown 
that  the  specific  steam  volumes  calculated  according  to  thermo- 
dynamic principles  agree  quite  closely  with  the  results  of 
observation,  and  far  better  than  those  found  by  the  combined 
law  of  Mariotte  and  Gay-Lussac. 

If  the  pressures  of  the  other  liquids  had  been  determined 
from  degree  to  degree,  we  could  find  with  the  same  exactness 
the  value  of  u  for  their  vapors  also.  As  this  is  not  the  case,  we 
can  only  find  approximate  values  of  Uy  but  values,  nevertheless, 
quite  close  to  the  actual. 
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Example  1.— Wliat  is  the  steam  Tolume  of  1  kilogram  of  etherwhen  eTapo* 
rated  at  40'? 

The  pressure  of  such  vapor  at  50"*  has  been  found  to  be  1264.83  millimeteis, 
and  at  30%  634.80  millimeters.  The  difference  630.08  corresponds  to  20%  The 
difference  for  2°,  that  is,  f or  /  +  1  and  /  —  1  degrees,  oxp^p^,  is  63.008  milli- 
meters. Since,  from  the  empirical  formulae  already  given,  r  for  ether  at  40°  is 
89.48,  and  since  2*=  278  +  40  =  818,  we  have 

62.828  89.48      ^ooo     u-       ^ 

«  = -^ooa- -313- =  ^-^  ^^"^  "^^'^^ 
Zeuner  finds  by  calculus,  0.285. 

Example  2. — ^What  is  the  steam  volume  of  alcohol  at  SO**  ? 

For  60''  the  pressure  has  been  found  350.21  millimeters,  and  for  40%  188.69. 
Difference  for  20%  216.52,  for  2%  21.652.  For  60%  r  is  288.79,  and  r=  828, 
hence 

m28    m79_ 

21.652  ""    323    -  ^""^ 


Calcvlation  of  the  Outer  and  Inner  LaJtefnJt  Heat. — Since  we  can 
now  find  u  for  every  temperature  and  pressure,  it  is  easy  to 
determine  the  outer  work.  Thus  if  p  is  the  constant  pressure, 
this  outer  work  is  simply  pu  meter-kilograms. 


EXAMPLE. 

What  outer  work  will  be  performed  by  the  steam  generated  from  1  Idlogiam 
of  water  at  150^,  the  constant  pressure  being  equal  to  its  own  tension  ? 

For  150°  the  pressure,  from  Table  I.,  is  8581.23  millimeters,  or ^^^r — '— 

=  48678.14  kilograms  per  square  meter.  We  find  from  Equation  XIII., 
u  =  0.884  cubic  meters,  hence  pu  ==  48678.14  x  0.884  =  18690.48  meter-kilo- 
grams. For  I,  i,  i  of  a  kilogram  converted  into  steam  we  should  obtain  only  } 
or  i,  etc.,  of  18690.48  meter-kilograms. 


The  heat  required  for  this  work,  which  we  call  the  outer 
latent  heat,  is 

-4^*  =  ^1  teat  units. 
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Therefore  the  outer  latent  heat  in  the  vaporization  of  1  kilo- 
gram of  water  at  150"  is 

— .^/      =  4408  heat  units. 

In  this  way  the  outer  latent  heat  has  been  calculated  for  Table 
n.,  column  7,  for  from  0.1  to  14  atmospheres.  We  see  that  it 
increases  with  the  temperature  or  expansive  force  of  the  steam. 
•  Since,  now,  we  know  the  total  latent  heat  r  from  Begnault's 
experiments  and  empirical  formulae,  and  the  outer  latent  heat 
can  be  calculated  as  above,  we  can  find  the  inner  latent  heat  p 
from  the  equation 

p  =  r  —  Apa. 

It  has  been  found  thus,  and  is  given  in  column  6  of  Table  IL 
It  is  evident  that  it  must  decrease  as  the  temperature  increases, 
since  the  outer  latent  heat  increases. 

Finally,  the  steam  heat  J  can  be  found  from  the  equation 

J=  W-Apu. 

Since  for  water  u  differs  from  8  only  by  about  0.001  cubic 
meters,  and  8  is  very  great  with  reference  to  0.001,  we  can  put 
u  in  place  of  s.  In  such  case,  u  cubic  meters  require  the  inner 
latent  heat  /?,  and  1  cubic  meter  requires 

-  heat  units. 
u 

The  expression  -  gives  us,  therefore,  the  heat  units  neces- 
sary for  the  inner  latent  heat  of  1  cvJbio  meter  of  steam  under 
various  pressures.  Since  we  shall  have  frequent  occasion  to 
make  use  of  it,  it  is  ^ven  in  Table  IL,  column  9. 

Empirical  FanmUxB  for  the  Calculation  of  the  Inner  avd  Outer 
LaJbemi  Heal  and  of  the  Specific  Steam  Volume.— Yor  the  mechani- 
cal engineer,  to  whom  the  easy  and  accurate  determination  of 
u  and  8  is  of  great  importance,  empirical  formulae  are  very  de- 
sirable, so  that  even  without  tables  he  can  find  these  quantities 
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for  different  pressures  with  sufficient  exactness.  The  calcula- 
tion of  Uy  already  given^  is  too  inyolved  for  practical  men.  Zen* 
ner  was  the  first  to  meet  this  wani  As  we  have  already 
remarked,  he  has  given  for  the  inner  latent  heat  p,  the  simple 
formula 

p  =  575.40  -  0.791^. 

Now  we  have  from  IX. 

Apu,  =ir  —  Py 
or,  since  r  =  W—  q, 

Apu  =  W—  p  —  q. 

For  W  we  have,  according  to  Begnanlt,  606.6  +  0.305^,  and 
for  q,  t  +  0.00002<*  +  0.0000003<»,  hence 

Apt  =  606,5  +  0.305*  -  (675.40  -  0.7910 
-{t  +  0.00002<»  -  0.0000003«»), 

or,  after  reduction, 

Apa  =  31.1  +  0.096*  -  0.00002<»-  0.0000003<». 

This  expression  enables  us  to  determine  the  outer  latent 
heat  {Apii)  from  the  temperature  alone. 
If  we  diyide  the  last  equation  bj  Ap,  we  have 

31.1  +  0.096«  -  0.00002<»  -  0.0000003<*      /^™. , 
«  = -j^ .    (XIV.) 

Since  A  is  known,  we  only  need  to  know  the  variation  of  p 
with  the  temperature  in  order  to  find  u.  For  this  we  can  either 
make  use  of  Table  I.  or  IL,  or  lacking  these,  of  some  one  of  the 
expansion  formulae  already  given. 

EXAMPLE. 

What  is  the  difference  between  the  specific  steam  and  water  volume,  or  what 

is  the  value  of  u,  for  130"  and  for  200'  ? 

According  to  Table  I.,  the  pressure  at  130"  is  2080.2dmm.,  hence  the  pressure 

10334 
in  kilograms  per  square  meter,  p,  is  -  ^  +  2030.28  =  27602  kii.    Now  <  =  190^ 

P  =  16000,  <"  =  2197000. 
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Hence 


_  424  (31.1  +  0.096  x  130  -  0.00008  x  16000  •-  0.0000008  x  219700). 
*""  27003  • 

_  424  (31.1  +  12.48  -  0.388  -  0.6591) 
**  ~"  27602  ' 


_  424  (43.58  -  0.9971)      424  x  42.588  _ 
*""  27602  ^        27602        -"•<»»• 


For  200**  the  pressuie  is  11688.96mm.  =  158937  klL     <  -r  200,  f  =  40000, 
^  =  8000000,  and 

424(31.1  +  0.096  x  200-0.00002  x  40000-0.0000003  x  8000000), 
**"  158937  • 


424  (31.1  +  19.2  -  0.8  -  24)     424  (50.8  -  8.2), 
158937  ~         158987        ' 


S=«-»^ 


In  the  lack  of  tables,  we  may  use  for  the  calculation  of  p,  for 
temperatures  less  than  100'',  the  formula  of  Magnus.  Aboye 
lOO'',  that  of  Bontgen. 

We  have  also  the  following  empirical  formulsB  given  by  Zeu- 
ner  for  the  other  liquids  already  named  : 

Ether Jpu  =  7.46  +  0.02747^  -  0.0001354<». 

Acetic  acid. Apu  =  8.87  +  0.06185^  -  0.0002845<^. 

Chloroform Apu  =  4.56  +  6.01797^  -  0.0000367<2. 

Chloride  of  carbon. Apu  =  3.43  +  0.01671^  -  0.0000546?. 

Bichloride  of  carbon. A^  =  7.21  +  0.02524^  -  0.0000918?. 


EXAMPLE. 

What  Tolnme  of  steam  is  generated  from  1  kilogram  of  ether  when  evaporated 

at4a>? 

10834 
The  pressure  at  40"  is  907.04mm.,  or  -^  x  907.04  =  12297.5  kilograms. 

I  =  40,  /«  =  leOO,  hence 

A  X  12297.5  X  tt  =  7.46  +  0.02747  x  40  -  0.0001854  x  1000, 
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or 

^  X  12297.5  X  u  =  8.3422,         or        u=^^?^^, 

or 

u  =  0.287  cubic  meters. 

On  page  892  we  found  for  «  0  283  cubic  meters,  or  but  little  different  from 
the  empirical  f  ormulie. 

Density  of  Saturated  Steam. — The  preceding  is  sufficient  to 
show  that  the  view  of  Gay-Lnssac,  that  the  density  of  saturated 
steam  is  always  0.6225  of  that  of  air,  is  not  correct. 

Since  the  specific  steam  volume,  that  is,  the  volume  of  1  kilo- 
gram of  steam  8  =  u  +  (T,  the  weight  y  of  one  cubic  meter  of 
steam,  which  we  call  the  ^'  specific  weigKty^  will  be 

Thus,  for  example,  for  160"*,  the  weight  of  one  cubic  meter  of 
steam  is 

^  ^  0.384  4-  0.001  ^  0385  ""  ^"^^'^  ^ 

The  value  of  y  is  given  in  column  11  of  Table  IL  for  from 
0.1  to  14  atmospheres.     For  air  we  have  always 

jpv  =  JST=  29.272  r, 

therefore  the  specific  volume  is 

29.272^ 

and  the  specific  weight 

_1_      p 

^^■"  t;~20.272T' 

For  example,  for  150^  the  pressure  of  steam  is  471  atmos- 
pheres, hence  the  pressure  /)  in  kilograms  per  square  meter  is 
4.71x10334  =  48673  kilograms.      Since    now   T=  273 +  150 
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=  423,  for  this  temperature  and  pressure,  the  weight  of  one 
oabic  meter  of  air  would  be 

48673  48673  ^  ^  ^^ , ., 

^'  ■"  29.272  X  423  ~  12382  ""  ^"^"^^  ^^ 

On  the  other  hand,  the  weight  y  of  one  cubic  meter  of  satu- 
rated steam,  under  the  same  conditions,  is  really  2.597  kilo- 
grams, as  already  computed.  Accordingly,  the  density  d  of  the 
steam,  that  is,  the  ratio  of  its  weight  to  that  of  an  equal  amount 
of  air  under  the  same  conditions,  is 

^'^  2.597  __ 
^  =  ^-8:930-^-^^^ 

If  we  calculate  in  this  way  the  specific  weights  of  steam  and 
air  for  different  temperatures  and  pressures,  we  find  for  the 
density, 

For 

0.1         0.5  1  2  5         10  atmospheres 

d  =  0.621     0.633     0.640     0.648     0.662     0.676, 

from  which  we  see  that  the  density  increases  tolerably  rapidly 
with  increasing  temperature.    Hence 

pv 
~T 

cannot  be  a  constant  quantity  as  with  gases  is  the  case.  Satu- 
rated steam  follows  some  other  law  than  this.^ 

[*  The  relation  pv^ST  therefore  holds  good  only  for  those  gases  so  far  removed  from  their 
point  of  saturation  that  they  may  be  considered  as  perfect.  Zeuner  has  recently  shown  that  for 
steam,  whether  saturated  or  superheated, 

k-l 
pv-BT^  Cp  * 

in  which  B=  ^^-^~^\  and  (i^» 0.4805,  and  Jfc»=  1.833,  hence  B=S0.088,  and  (7=193.50,  p  betaig 
in  kilograms,  or  if  p  is  in  atmospheres,  then  for  both  saturated  and  superheated  steam 
pv^BT-  C\/v  ^  where  B «  0.0049D287,  and  C  «  0.187815.    See  Appendix  to  Chap.  XXIII.] 
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QTJESTIOKS  FOB  EXAJIONATION. 

• 

Bellne  fq[>6dflc  steam  volmne.  How  was  this  flnt  calcnlatedf  Upon  what  aaaimiiition  was 
this  calcalation  founded  ?  Give  the  relation  between  pressare,  volume,  and  tempentore  for  a 
gas.  What  does  R  stand  for  f  What  did  Gay-Lnssac  conclude  from  his  experimeDU  ?  Was 
this  conclosion  correct  f  Is  the  old  method  of  calculation  of  specific  volume  correct  ?  Why 
not  ?    How  does  saturated  steam  differ  from  a  perfect  gas  T 

Define  what  is  meant  by  specific  water  volume?  What  letter  denotes  it  in  ournotadoo  Y 
What  is  specific  steam  volume  ?  What  letter  denotes  itf  What  does  u  denote  in  our  notation  ? 
What  relation  exists  between  v,  <r,  and  v,  if  x  is  the  weight  of  steam  in  one  kilogram  of  steam  and 
water?   Wliat does  v  denote  ?   <r?    u? 

Deduce  the  expression  u  s  -j-fp  .  — .    What  is  the  exact  significance  of  each  of  the  letters  ? 

A  A.        V 

Is  this  formula  important  ?   Why  ?   Show  how  to  find  in  an  elementary  manner  the  approxi- 
mate value  of  the  ratio  -  in  any  given  case.    Explain  now  the  use  of  Tables  I.  and  n. 

If  u  is  given,  how  can  you  find  the  outer  work  ?  The  outer  latent  heat  ?  How  can  yon  find 
the  inner  latent  heat  ?   How  can  we  find  the  total  latent  heat  ?   What  is  the  steam  heat?    What 

does  ^  denote  ?   What  is  Zeuner's  formula  for  the  inner  latent  heat  ?   How  can  yon  find  from 

it  the  outer  latent  heat  and  the  specific  steam  volume  ? 

What  is  speciflc  weight  ?  What  letter  in  our  notation  denotes  it  ?  What  is  meant  by  douity 
of  steam  ?   How  does  this  vaiy  for  dUIeient  temperatores  and  piesenres  ? 
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CURVE    OF    CONSTANT    STEAM    WEIGHT. — ^EMPIBIOAL    FORMULA — ^DE- 
POBTHENT  OF  STEAM  WHEN  IT  EXPANDS  PEBFOBMING  WORK. 

Curve  of  Constant  Steam  Weight — ^If  we  lay  oflf  the  volumes 
of,  say,  1  kilogram  of  steam  for  successive  pressures,  as  abscis- 
sas, and  the  corresponding 
pressures  as  ordinates,  we 
obtain  a  curve  (Fig.  65) 
which  represents  the  law 
according  to  which  the 
volume  changes  with  the 
pressure.  We  may  call 
this  the  "  curve  of  constant 
steam  weight^*  For  a  press 
ure  of  1  atmosphere  the 
volume  of  1  kilogram  of 
steam  is,  from  Table  IL, 
1.649+0.001  =  1.660  cub. 
m.  Taking  only  2  decimal 
places,  we  have  s  =  1.65. 
Hence  OA  =  1.65  units  to 
any  given  scale,  and  the  perpendicular  AB  is  laid  off  according 
to  another  given  scale.  The  volume  of  1  kilogram  of  steam  at  2 
atmospheres  is  about  0.86  cubic  meters.  Therefore,  0(7  =  0.86, 
and  CD  =  2,  and  so  on. 

We  see  that  the  volumes  decrease  nearly  inversely  as  the 
pressures,  that  is,  that  the  volumes  are  2,  3,  4  times  less  when 
the  pressures  are  2,  3,  4  times  greater.  If  this  were  accurately 
the  case,  the  relation  between  the  pressures  and  the  specific 
volumes  would  be 

< 

iw  =i>i«i  =i^>  etc. 

399 


0 


-0,86, 
h-0  59-)i 


Fie.  65. 
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As,  however,  is  seen  from  the  Figure,  this  is  not  exactly  the 
case.  Zeniier  has  found  by  calculation  that  the  law  for  the 
curve  of  constant  steam  weight  is  given  very  closely  by  the 
formula 

ps^^  =  p^8^^^  =  p^^"^ .    .     .     .     (XV.) 

where  the  exponent  of  «,  s^ ,  etc.,  is  only  0.0646  greater  than  in 
the  preceding  formula  which  gives  the  law  of  Mariotte  for  per- 
manent gases.    ' 

Evidently  these  products,  since  they  are  all  equal  to  each 
other,  must  equal  a  constant  value,  and  this  value  is,  according 
to  Zeuner,  1.704,  so  that 

1.704* =iw^-«^=j:>iV'^».    .    .    .    (XYL) 


EXAMPD^ 

What  is,  according  to  this  formula,  the  specific  volxune  of  saturated  steam  at 
a  pressure  of  two  atmospheres  ? 

Since  here;?  =  3,  we  have  «  =   y-^  =  *"'v^0:854,  or  log  a  =  ^^^  = 

1.9814579  ^^.^ 

-j^gg^,  or3  =  0.8e22. 

From  this  formula  we  obtain  a  as  well  as  u  with  great  exactness.    It  is  aJso 
more  convenient  for  calculation  than  Equation  XTV.    We  may  also  obtain  from 

it  the  specific  weight  y  of  the  steam.    Thus  y  =^—  and  «  =  — ,  hence 


(1  X  1.064« 


or 


or 

1 


y:=zpi.m»  X  ^^y'O.SSes,    or  finally 


^  =  0.6061  x|>ft«w. 


By  means  of  this  formula  Zeuner  has  found  the  specifio 
weight  of  steam  for  different  pressures,  and  compared  with  the 
values  obtained  by  previous  calculations.  The  coincidence  is 
BO  great  that  only  occasionally  is  there  a  deviation  of  one  unit 
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in  the  third  decimal  place.  Hence  the  last  formula  is  of  great 
practical  use. 

We  have  assumed  above  that  the  yolumes  and  pressures  ioi 
one  kilogram  of  steam  are  taken  as  abscissas  and  ordinates. 
Instead  of  this,  we  might  have  taken  the  volumes  of  one-half» 
one-thirdy  etc.,  kilogram  of  steam,  together  with  the  correspond- 
ing pressures,  and  thus  obtained  a  curve.  This  new  curve 
would  have  the  same  law  as  the  above,  and  will  only  differ  in 
having,  with  reference  to  the  same  axes,  a  different  beginning 
and  end.    It  is  represented  in  the  Figure  by  the  dotted  line 

{Curvt  of  Sahtraiion. — Criliad  Tsmperaiure. — Let  a  series  of  isothennaLB  be 
drawn,  asA^BiS^Ti,  A^BtStTg,  etc.,  as  in  the  following  Figure^  of  which  the 
portions  A^B^,  AfBt  repre- 
tont  the  changes  of  pressure  t 
and  Yolnme  of  the  fluid  at  con- 
stant temperature  in  the  liqidd 
state  ;  B^S^,  B^St,  etc.,  the 
process  of  evaporation,  and 
SiT^,  SiTf,  etc.,  the  expan- 
sion of  the  superheated  vapor 
at  constant  temperature.  A 
curve  drawn  through  the  points 
Sit  Si,  etc.,  will  represent  the 
changes  which  may  be  under- 
gone bj  the  fluid  while  it  re- 
mains entirely  in  the  state  of 
saturated  vapor.  It  is,  there- 
fore, called  the  curve  of  acUura- 

turn.  The  volume  of  all  fluids  in  the  state  of  saturated  vapor  decreases  as  the 
pressure  and  temperature  increase,  and  thus  the  curve  of  saturation  slopes  down- 
ward from  left  to  right,  as  shown  in  the  Figure. 

On  the  other  hand,  the  volume  of  every  liquid  at  the  boiling  point  increases 
with  pressure  and  temperature.  Therefore  a  curve  drawn  through  the  series  of 
points  Pj,  ^„  etc.,  will  slope  in  the  opposite  direction  to  the  curve  oi  saturation, 
and  the  two  will  approach  each  other  as  the  pressure  increases,  and  at  length 
meet.  The  physiod  interpretation  of  this  is  that  at  a  certain  temperature  the 
liquid  and  gaseous  states  become  continuous,  there  being  no  marked  separation, 
such  as  that  observed  in  the  ordinary  processes  of  evaporation  and  condensation, 
between  them.  This  is  called  the  critical  temperature  of  the  fluid.  Above  this 
temperature  the  fluid  retains  the  properties  of  a  gas  under  any  pressure  however 
great. 

It  is  supposed  that  the  so-called  permanent  gases  resist  condensation  into  the 
liquid  form  so  greatly  because  the  lowest  temperatures  which  we  are  able  to  pro- 
duce ordinarily  are  still  above  their  critical  temperatures. 

For  certain  substances  the  critical  temperature  has  been  accurately  deter- 

26 
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mined.     For  ineUnce,  that  of  carbonic  acid  ia  at  67.7°  Fahr.,  cx  81.17°  C,  and 
the  corTeqranding  pressure  of  saturation  is  about  74  atmoepheree. 

There  are  a  few  Bubstances,  however,  which  can  readily  be  brought  to  the 
'critical  temperatare.  Water  reaches  it  at  about  730.0°  Fahr.,  or  3S9.6S°  C.  The 
oorreepooding  preesure  of  saturation  has  not  been  determined.  But  both  tem- 
perature and  preBBOie  ate  far  higher  than  those  met  with  in  the  practical  ^iplica- 
tions  of  Bteam,] 

Deportment  of  Steam  when  it  Ih^nda  Fer/orminy  Wori. — A 
knowledge  of  the  deportment  of  saturated  steam,  when  it 
expands  wliile  performing  work,  is  of  especial  importance  in 
practice,  aa,  by  means  of  it,  we  are  in  a  position  to  estimate  more 
exactly  the  action  of  steam  in  the  steam  engine.  It  was  formerly 
assumed  that  steam  in  expanding  not  only  remained  saturated, 
but  also  that  the  steam  weight  did  not  change ;  that,  therefore, 
the  expansion  took  place  along  the  curre  of  constant  steam 
weight.  Pamboor  especially,  to  whom  we  owe  the  first  com- 
plete and  systematic  theory  of  the  steam  engine,  asanmed  this 
principle  in  his  development,  and  after  him  all  writers  down  to 
recent  times  accepted  it  as  correct  Althoogh  now  the  satorated 
steam,  under  the  giveh  conditions,  remains  saturated,  as  is  indi- 
cated by  the  older  observations  of  Pambour,  and  the  more 
recent  observations  of  Him,  still  the  steam  weight  is  Tiot  constani, 
in  other  words,  expansion  does  not  take  place  according  to  the 
curve  of  constant  steam  weight  This  fact  can  only  be  made 
apparent  by  tiA  aid  of  the  mechanical  theory  of  heat,  as  was 
done  in  1851,  almost  simultaneously,  bj 
^  Clansius  and  Bankine.  It  is  easy  to  shov 

that  the  expansion  of  steam  in  a  steain 
engine  does  not  follow  the  curve  of  con- 
stant steam  weight 
Let  OA,  Fig.  67,  be  the  steam  volume 
I  behind    the    piston,   its    temperature  I 

I  =  144°,  and  pressure  p  =  4  atmospheieB 

I  =  41336  kilograms  per  square    meter. 

Let  the  volume  OA  of  1  kilogram  be 
_  0.447  cubic  meters.    If  this  steam  ex- 

pands to  the  volume  OD  =  0.507  cubic 
^^■^-  meters,  the  temperature  sinks  to  140.44° 

and  the  pressure  to  CD  —  3.6  atmospheres  =  36169  kili^rams 
per  square  meter.    If  now  the  steam  during  this  expansion 
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remains  saturated,  and  the  steam  weight  constant,  the  ourye 
BC  is  a  portion  of  the  curve  of  constant  steam  weight,  and  the 
shaded  area  ABCD  denotes  the  mechanical  work  performed 
during  expansion.  The  contents  of  this  avea  are,  considering 
it  as  a  trapezoid, 

AB+CD        .^ 
gz X  ABf 


or 

41336  +  36169 


X  (0.507  -  0.447)  =  2325 


meter-kilograms.    This  work  represents 

-jnT  ~  ^"^^  hesA  units. 

Now  the  steam  heat  at  4  atmospheres  of  1  kilogram  of 
steam  is 

J=  145.31  +  461.50  =  606.81  heat  units. 


and  at  8.5  atmospheres 

J=  140.44  +  465.26  =  605.70  heat  units. 

The  difference,  1.11  heat  imits,  is  not  sufficient  to  perform 
the  work  of  2325  meter-kilograms.  For  this  purpose  4.3^  heat 
tmits  more  are  necessary. 

Since  now,  according  to  our  assumption,  no  heat  is  imparted 
from  without,  we  must  conclude  that  the  steam  condenses,  and 
that  the  condensation  supplies  the  lack  of  heat  of  4.38  heat 
units. 

Since  steam  condenses  during  the  expansion,  the  work  done 
cannot  be  so  great  as  when  the  steam  weight  is  constant,  and 
hence  the  curve  of  expansion  must  approach  the  axis  OX  more 
rapidly  than  BC,  which  is  a  portion  of  the  curve  of  constant 
steam  weight.  If,  then,  the  end  pressure  is  the  same,  the  end 
volume  cannot  be  OD,  but  must  be  less  than  OD.  If  OF  is 
this  volume,  and  FE^  CD  the  final  pressure,  the  work  during 
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expansion  is  given  by  ABEF.  Tlie  yolume  OF  and  tlie  prefig- 
ure EF  must  correspond  to  the  volume  and  pressure  of  the 
remaining  saturated  steam.  The  point  E  must  therefore  lie 
in  a  curve  of  constant  steam  weight,  where  the  weight  is  less 
than  1  kilogram.  Since  the  expansion  takes  place  without 
heat  being  added  from  without,  the  curve  BE  must  be  part  of 
an  adiabatic. 

Our  example  shows  plainly  that  during  expansion  steam  is 
condensed,  or  else  that  heat  must  be  imparted,  but  it  does  not 
give  the  exact  value  of  this  heat,  since  the  work  during  expan- 
sion is  not  given  by  ABCD  but  by  the  less  area  ABEF.  IS, 
therefore,  we  wish  to  find  this  heat  we  must  adopt  another 
method.  This  has  been  done  by  Olausius,  in  his  '*  AUiandiung 
Uber  Mechanische  Wdrmetheorie"  1864,  and  we  shall ^ now  pro- 
ceed to  point  it  out. 
Suppose  in  a  prismatic  vessel  a  mixture  of  steam  and  water  of 

the  temperature  t  and  pressure 
AB,  Fig.  68.  Of  this  mixture 
let  M  kilc^ams  be  liquid  and 
m  kilograms  steam.  Upon  the 
steam  presses  a  piston  whose 
pressure  is  AB. 

We  impart  heat  to  the  water 
while  assuming  the  pressure  re- 
mains constant  In  this  case  all 
the  heat  goes  to  form  steam,  and 
is  therefore  latent  Suppose 
that  thus  mi  kilograms  of  water 
are  vaporized,  so  that  we  now 
have  in  all  m  +  m^  kilograms  of  steam.  If  now  r  denotes  the 
latent  heat  when  1  kilogram  of  water  at  the  temperature  t,  and 
under  the  constant  pressure  ABy  is  evaporated,  the  heat  im- 
parted is 

miTx  heat  units    ......    (1). 

Now  let  the  entire  steam  volume  m  +  nii  expand  adiabati- 
cally.  The  expansion  is  then  at  the  expense  of  the  heat  of  the 
mixture,  and  the  temperature  sinks.  If  we  suppose  the  expan- 
sion CG  to  he  very  small,  the  decrease  of  temperature  is  sl^hi 
Denote  it  by  r,  so  that  at  Q  the  temperature  of  the  mixture  is 


1 


mil 


Fig.  68. 
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t—r.  It  is  clear  that  CO  is  a  portion  of  an  adiabatic.  We 
may  suppose  now,  in  opposition  to  our  calculations,  that  from 
C  to  &,  %  kilograms  of  steam  are  formed. 

Now  we  compress  the  steam,  assuming  that  it  is  always 
saturated,  from  the  volume  OH^  temperature  t  —  r^  and  press- 
ure HG^  so  that  pressure  and  temperature  remain  constant. 
We  must  then  abstract  heat  during  compression.  This  com- 
pression is  carried  to  a  point  F^  so  chosen  that  when  from 
there  on  the  steam  is  compressed  adiabatically  the  mixture 
will  retake  its  original  condition,  and  we  shall  have  again  M 
kilograms  of  water,  and  m  of  steam  at  the  temperature  t  Then 
the  temperature  from  F  io  JS  has  been  increased  by  r,  and  the 
work  which  the  steam  performed  by  expansion  from  Cix)  Q  has 
been  received  again  from  Fto  B.  We  have  thus  here  a  simple 
cycle  process.    Inner  work  has  been  neither  gained  nor  lost. 

Let  now  r2  be  the  heat  which  must  be  abstracted  from  1  kilo- 
gram of  steam  at  the  temperature  ^  —  r,  in  order  to  obtain  1 
kilogram  of  water  at  the  temperature  ^  —  r,  then  if  from  G  to 
F9  m^  kilograms  are  condensed,  the  heat  abstracted  is 

rn^r^  heat  units (2). 

The  excess  of  the  h^at  imparted  over  that  abstracted  is 

rnxVi  —  m^r^  heat  units (3). 

B  J  this  excess  a  certain  mechanical  work  is  obtained,  repre- 
sented by  the  area  BCGF^  which,  since  GG  and  BF  are  very 
small,  we  may  regard  as  a  parallelogram.    The  area  is  then 

BG  X  {AB  -  FE). 

If  we  denote  the  difference  AB  —  FE  by  ;r,  we  have 

BC  X  n. 

» 

If  now  the  volume  of  1  kilogram  of  steam  at  f  is  u^  that  of 
fOx  kilograms  is  niiU.    Hence  BG  =  miU^  and 

BG  X  TT  =  miun. 

'  The  heat  corresponding  to  this  work  is 

AniiUTr (4). 
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This  heat  must  be  equal  to  (3),  hence 

miVi  —  7»2r2  =  AmtUTC    •     .    •    .    ,    (5). 

V 

Now  the  steam  weight  generated  on  the  path  BCO  is 

and  that  condensed  on  the  path  OFB  is 

assuming  that  during  the  compression  BF,  n^  kilograms  are  de- 
posited. Since  at  the  end  of  the  process  we  have  the  originAl 
quantity  of  water  and  steam, 

Wlj  +  Wt  =  TTlf  +  Wj (6). 

Hence 

t?i2  =  wii  +  Tii  —  n^.' (7). 

Substituting  this  yalue  in  (5), 

miVi  —  miV^  —  UiTz  +  n^r2  =  AmiUTt  .    .     .    (8). 

We  can  eliminate  rii  and  n^  from  this  equation  as  follows : 
We  have  assumed  during  the  expansion  CG  steam  to  be 
formed,  therefore  heat  amounting  to 

nir2  heat  units 

taken  from  the  existing  water  and  steam  in  order  to  form  the 
Tti  kilograms.  If  the  specific  heat  of  the  water  is  c,  then  the 
heat  abstracted  from  the  water  ilf  —  mi  is 

{M—  mi)cT  heat  units. 

But  heat  is  also  taken  from  the  existing  steam  mass  m  +  nh. 
If  we  suppose  that  1  kilogram  of  saturated  steam  at  f"  must 
give  up  h  heat  units  in  order  to  remain  saturated  at  ^  —  1  de- 
grees,* then  the  m  +  mi  kilograms  of  steam  lose 

(m  +  mO  hr  heat  units. 

*  [We  see  therefore  that  h  plays  the  part  of  a  tpeciflc  heat.     We  may  consider  it  u  the 
**  BpecUic  heat  of  saturated  steam  for  constant  steam  quantity/*] 
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(We  shall  see  hereafter  that  li  is  negative,  so  that  during  ex- 
pansion the  steam  does  not  lose  heat,  but  gains  it,  as  should 
be  the  case.^l 

We  have  then 

n^r^  =  (-If—  m^cr  +  (w  +  m^ hr    .    .    .     (9). 

From  Fto  B  the  steam  is  compressed  adiabatically.  If,  now. 
on  the  way  CO  heat  is  abstracted  from  the  existing  mass,  or 
the  way  BF  it  is  given  back.  Since,  by  supposition,  Wa  kilo- 
grams are  condensed,  the  heat  set  free  is 

n^r^  heat  units. 

This  is  divided  among  M  kilograms  of  water,  and  m  of  steam. 
The  first  accordingly  receives 

Met  heat  imits, 

and  the  second 

mhr  heat  units. 
Hence 

n^r^  =  Met  +  mhr (10). 

Substituting  (9)  and  (10)  in  (8) 
miVt  —  miTi  —  (-If—  mi)cT  —  (m  +  mt)  hr  +  Met  +  mhr  =  AmiUTt^ 

or  reducing 

ri''r2-^  cr  —  hr  =  Ann    ....     (11). 

Now  the  total  heat  of  1  kilogram  of  steam  of  the  temperature 
t  is  606.5  +  0.305^  heat  units.  Or  if  the  specific  heat  of  the 
water  from  which  the  steam  is  generated  is  c,  and  the  latent 
heat  ri^ 

606.5  -f  0.305^  =  d  +  r,    .    .    .    .     (12). 

For  1  kilogram  of  steam  of  the  temperature  <  —  r  we  have,  in 
like  manner, 

606.5  +  0.305  (^-r)  =  ra  +  c(^-T)    .     .     (13). 

Subtracting,  we  have 

0.305r  =  ri  —  rj  +  cr. 
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Substitatmg  in  (11) 

0.305r  -  Ar  =  ^w;r (U). 

From  Equation  (XTT.),  page  390,  we  have 

r^^Aun (15). 

and  from  this  and  (14)  we  have 

A  =  0.305--J (xvn.) 

or 

r 


h  =  0.305  - 


273 +<• 


Since  ^  =  ^=^ — -  is  always  greater  than  0.305,  h  is  negaiive. 

We  see,  therefore,  that  token  saturated  steam  expands  performing 
vxyrhy  so  that  the  temperature  sinks,  toe  have  not  to  abstract  but  to  add 
heat  in  order  to  Tceep  it  saturated.  And  if  saturated  steam  is  oomr 
pressed,  heat  must  not  he  added  hut  abstracted  in  order  to  keep  U 
saturated.  Otherwise  the  steam  is  superheated,  and  has  a  higher 
pressure  than  saturated  steam  of  the  same  Tolume.  The  he&t 
imparted  in  the  first  case,  and  abstracted  in  the  second,  is  for 
1  kilogram,  for  a  rise  or  fall  of  1  degree, 

h  =  0.306  -       ^ 


273 +  <• 
As  r  =  W—  g,  or  ^ 

r  =  606.5  -  0.695«  -  0.00002<«  -  0.0000003<« 

I 

I     A  OAK      606.5  -  0.695<  -  0.00002^  -  0.0000003<' 
»  =  0.306 273T7 ' 

Since,  according  to  Olansins,  we  have  vith  good  exactness 

r  =  607  -  0.708f, 
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we  may  also  write 


or  finally, 


ji      nonK     607-0.708* 


A  =  1.013-J^^    .    .    .    (XYOL) 


EXAHFIiE. 

How  many  heat  tmits  must  be  imparted  to  1  kilog^ram  of  saturated  steam  at 
lOO^'y  when  it  expands  performing  work,  and  the  temperature  sinks  1°  ? 

From  Table  II.  we  have,  since  r  =  />  +  Apu,  for  100%  499.80  +  40.20  =  628.50 
heat  units,  hence 

A  =  0.805-^^^  =  0.805- ^  =  0.805 -1.488  =  -1.188. 

The  problem  which  we  have  discussed  can  be  solyed  in  a 
simpler  manner. 

Suppose  the  cycle  process  completed.  The  work  performed 
is  given  by  the  shaded  area  BCDE.  Suppose  now  that  the  ex- 
pansion on  the  path  CD  had  extended  until  the  temperature 
had  sunk  1^  instead  of  r.-  Then  the  work  L  would  be 


X  = 


^[T-(r^l)]=^ 


where  r  is  the  latent  heat  from  B\o  C.  We  know  that  this 
work  can  only  be  gained  when  the  heat  imparted  along  BCis 
greater  than  that  abstracted  along  GF,  because  the  work  which 
is  performed  by  expansion  CG,  by  reason  of  inner  heat  of  the 
steam,  is  equal  to  that  which  is  expended  in  the  compression 
FB. 
The  work  performed  expressed  in  heat  units  is  therefore 

Hence  tilie  yolnme  00  ot  the  saturated  steam  of  t  degrees 
contains  jp  heat  units  more  than  the  volume  OF,  of  the  satu- 
rated steam  of  <  —  1  degrees.    Now,  1  kilogram  of  saturated 
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steam  of  f  has  only  0.305  heat  units  more  than  1  kilogram  of 
t—l  degrees.     Since  ■=  >  0.305,  we  have  to  impart  during  ex- 

pansion  y=  —  0.305  heat  units,  or  to  abstract  during  compres- 
sion BEy  the  same  amount,  in  order  to  keep  the  steam  saturated 
This  is,  therefore,  the  heat  added  or  abstracted,  which  we  have 
denoted  by  A,  so  that 

A  =  ^  -  0.305. 

Or,  if  we  consider  the  heat  imparted  during  expansion  as 
negative, 

A  =  0.305 -|r- 

Our  formula  shows  that  h  is  variable  with  the  temperatnre. 
We  see,  especially  from  our  equation,  page  409,  that  A  is  greater, 

that  is,  is  nearer  zero,  the  greater  ^,  since  the  quotient  ^„o  \t 
diminishes  with  increasing  temperature. 

Heat  Imparted  or  Abstracted  for  Great  Differenoea  of  Tempera- 
ture.— ^In  the  following  tabulation  we  have  given  the  heat  neces- 
sary in  order  to  keep  1  kilogram  of  steam  of  10,  20,  30,  to  120 
degrees,  saturated  and  uncondensed  during  its  expansion  and 
cooling  of  one  degree.  The  same  heat  is  requisite  to  keep  the 
same  quantities  of  steam  saturated  at  the  same  temperatures, 
when  the  temperature  is  raised  1  degree,  but  the  heat  must  be 
then  abstracted. 

Temperature      0  10  1^  30  40  50  60 

Value  of  A    -1.917    -1.814    -1.718    -1.628    -1.544    -1.465    -1.391 

Temperature        70*  80  00  100  110  120 

Value  of  A        -1.321       -1.255       -1.192       -1.133       -1.077       -1.024. 

If,  now,  it  is  required  to  determine,  for  example,  what  heat 
must  be  imparted,  in  order  that  1  kilogram  of  saturated  steam 
at  100^  may  expand  gradually  to  1  kilogram  of  saturated  steam 
at  0"",  we  must  determine  the  mean  of  h  between  0^  and  lOO^ 
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and  multiply  by  the  number  of  terms  by  which  the  mean  was 
determined.    We  may  find  the  mean  best  by  Simpson's  rule. 

If  we  have  a  number  of  quantities  occurring  at  equal  inter- 
vals, and  denote  them  by  Po>  J^b  ^3  •  •  •  J^»  - 1  >  so  that  n  is  the 
nnmber  of  intervals,  the  mean  is 

P  =  (i  Po  +  Pi  +  Pa  +  P  3  +  .  .  .  i'n  - 1  +  J  P„ )  -^  n. 

If  the  number  of  intervals  n  is  even,  viz.^  2,  4,  6,  8,  etc.,  the 
rule  gives  for  the  mean 

P=  (Po  +  4P,  +  2P,  +  4P3+  . . .  4Pn_i  +  P„)-4-3n. 

If  we  wish,  then,  to  find  the  mean  of  h  between  0°  and  100°, 
according  to  the  first  formula,  we  must  put  for  Pq  1.917,  for 
Pi  1.814,  for  Pa  1.718,  finally,  for  P«  1.133.  Then  jPo  =  0.968, 
and  JP„  =  0.567,  hence 

P  =  (0.958  +  1.814  + 1.718  4- 1.628  +  1.544  +  1.465  +  1.391  + 
1.321  +  1.255  +  1.192  +  0.567)  -J- 10  =  14.853  -^  10  =  1.485;  or 
since  h  is  generally  negative,  A  =  —  1.485. 

If,  then,  1  kilogram  of  saturated  steam  expands,  performing 
work,  from  100"  to  0°,  and  still  remains  saturated  and  uncon- 
densed,  we  must  impart  on  the  average,  for  each  degree  of 
cooling,  1.485  heat  units.     The  entire  heat  imparted  is  then 

Q  =  1.485  X  100  =  148.5  heat  units. 

In  the  same  way  we  may  find  for  1  kilogram  of  steam  whose 
temperature  sinks  during  expansion  from  80°  to  0°, 

Q  =  1.558  X  80  =  12464  heat  units. 

Zeuner  has  given  a  table,  which  gives  the  amount  of  heat 
which  must  be  imparted  when  1  kilogram  of  saturated  steam 
of  1,  2,  3,  etc.,  atmospheres  cools  by  expansion  to  0""  and  remains 
all  steam.    In  Table  III.  we  have  given  these  values  of  Q^  as 

T 

well  as  the  corresponding  values  of  -^p  . 
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TSAXPUL 

How  many  units  of  heat  must  be  imparted  to  1  kilogram  of  satnnted  steam 
of  5  atmospheres,  when  it  expands  in  the  cylinder  of  an  engine,  performing  woii, 
down  to  1  atmosphere,  and  yet  still  remains  saturated  and  unoondensed  ? 

From  Table  IIL,  for  a  presBure  of  5  atmospheres. .  Q  =  200.46 
And  for  1  atmosphere Qi  =  148.47 

The  heat  imparted  from  5  to  1  atmos.  is  then 51.99  heat  units. 

This  amount  of  heat  is  too  great  to  be  supplied  by  the  hot  cylinder  sides,  as 
has  been  assumed  by  the  followers  of  Pambour.  If  therefore  no  heat  is  imparted 
from  without,  so  much  steam  must  be  condensed  as  will  furnish  the  necessary 
heat.  This  amount  of  steam  can  indeed  be  relatively  yery  small,  since  the  latent 
heat  of  steam  is  great  with  respect  to  the  heat  required. 


Dqporiment  of  other  Vapors  during  Eoppandon. — ^The  formula 
for  h  was 

A  =  0.305 --J^. 

In  this  0.305  is  the  amount  of  heat  which  one  kilogram  of 
steam  of  ^  +  1  degrees  possesses  more  than  1  kilogram  of  t  de- 
grees, because  1  Ulogram  of  ^  +  1  degrees  has 

606.5  +  0.305  {t  +  1)  heat  units, 

and  one  of  t  degrees  has 

606.5  +  0.305^  heat  units, 

and  the  difference  is  0.305  heat  units. 

The  total  heat  of  1  kilogram  of  ether  steam  of  <  +  1  degrees 
is,  as  we  have  given  it, 

94  +  0.45  («  +  1)  -  0.00055556  (<  +  1)\ 
or 

94  450556  +  0.4489^  -  0.000556^- 


I 
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For  r  it  is 

94  +  0.45t  -  0.000666<«. 

The  difference  is 

0.450556  -  0.0011f, 

Hence  the  expression  for  h  for  ether  steam  is 

h  =  0.450556  -  0.0011^  -  ^ 


Since,  however  (page  378),  r  =  94  -  0.079<  -  0.00086^,  we  have 
A  =  0.450556  -  0.0011*  -  9^  -  0.079<  -  0-00085f  ^ 

hT  =  (273  +  0  0.450556  -  0.001K  (273  +  0 
-  94  +  0.079*  +  0.00085<»,  or 

hT  =  29.003  +  0.229*  —  0.00026^. 

If  we  find  the  formula  for  vater  Bteam  in  a  similar  manner, 
we  have 

hT=-  523.23  +  *  +  0.00002^  +  0.0000003*». 

We  see  from  this  formula,  that  even  for  very  high  tempera- 
tures h  is  still  negative,  as  we  have  already  concluded  from  the 
form  of  other  formulsB.  We  see  from  the  formula  for  ether 
steam  that  h  is  positive  even  when  the  temperature  is  very  great. 
This  kind  of  steam  therefore,  must  have  heat  extracted  from  it 
during  expansion,  if  no  part  of  it  is  condensed.  This  peculiar 
deportment  of  ether  steam  was  first  pointed  out  by  Him.  All 
other  vapors  which  we  have  named,  in  fact,  all  for  which 
Begnault  has  determined  the  sensible  heat  and  latent  heat  of 
vaporization,  comport  themselves  like  water  steam,  and  for 
them  k  is  therefore  negative. 
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QUESTIONS  FOB  EXAMINATION. 

What  1b  the  curve  of  coiuunt  steam  weight  f  When  aatarated  ateam  expands,  perfonnlBK 
woik,  does  U  remain  saturated  f  Is  the  steam  weight  constant  ?  If  not,  can  yon  prove  that  it 
is  not  r  If  saturated  steam  is  compressed,  and  heat  at  the  same  time  abstracted  so  that  the  tem- 
perature is  kept  constant,  what  takes  place  1  If  no  heat  is  abstracted  ?  If  it  expands  perform* 
ing  work,  and  heat  is  not  added  ?  How  many  heat  units  must  be  imparted  to  1  kilognm  of 
saturated  steam  at  100^  to  keep  it  saturated  and  uncondensed,  when  it  expands  performing woric, 
till  the  temperature  is  9(y  f   Suppose  uo  heat  is  added,  bow  much  steam  will  be  condensed  f 


CHAPTER  XVni 

HEAT  GUBYES  OF    STEAM  AND  LIQUID  MIXTURES. — CONSTRUCTION  OF 

THE  SAMK — TECHNICAL  APPLICATIONS. 


A.  Isothermal  Curve. 

Form  of  the  Curve. — The  isothermal  curve  has  been  defined  as 
that  which  gives  the  change  of  condition  of  a  body  when  the 
temperature  is  kept  constant  For  gases  this  was  a  curved  line 
which  made  apparent  the  law 
of  Mariotte.  Now  we  know  ^• 
that  if  for  saturated  steam  the 
pressure  is  constant,  the  tem- 
perature is  constant  also.  If, 
then,  AB  =  p  (Fig.  69)  is  the 
pressure  of  the  steam  in  a  mix- 
ture of  steam  and  water,  this 
pressure  remains  constant  so 
long  as  the  temperature  is  t)ie 
same.  Heat  added  to  the  wa- 
ter simply  vaporizes  some  of 
it,  the  volume  increases,  and 
the  isothermal  for  the  mixture 
is  a  straight  Urn  parallel  to  OX*  Since  for  a  higher  or  lower 
temperature  the  pressure  p  is  greater  or  less,  the  line  jBC  will 
be  at  a  greater  or  less  distance  from  OX 

Otder  and  Inner  Work  during  Expansion. — ^Let  OA  =  v  be  the 


B. 

c. 

i 

4 

». 

f-    ^- 

V>                             J 

0 


A 


Fio.  60. 


*  [Here  therefore  the  isothermal  and  Isopiestic  lines  coincide.] 
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initial  specific  yolume  of  the  mixture  (voluqie  of  1  kilogram), 
then,  as  already  proved,  page  387, 

where  u  can  be  taken  from  Table  IL  for  given  pressure  and 
temperature.  If  now  we  heat  the  mixture  till  the  volume  is  v^ 
we  have 

t?i  =  XiU  4-  a. 

Since  the  ordinate  AB  =  p  describes  the  rectangle  ABCD, 
the  outer  work  performed  is 

2/=2?(vi  —  v)  =pu{xi  —  x); 
hence 

Xi  —0?=  -i . 

U 

In  practice  Vi  —  t;  is  generally  given,  u  can  be  taken  from 
Table  IL,  and  thus  the  weight  of  water  vaporized  (o:^  —  a;)  can 
be  found. 

Now  what  is  the  entire  amount  of  heat  imparted  ?  All  this 
heat,  as  we  know,  goes  to  vaporize  the  water.  Of  this  the 
outer  latent  heat  is 

AL  =  Ap  {vi  —  v)  =  Apu  {xi  ~  fic), 
while  the  inner  latent  heat  is 

p(^-a?) (XX.) 

The  total  amount  of  heat  is  then 


Vi  —  V 
V  =  r  ^^;ci  —  icy  ^  r 

or 


Q^r{x,-x)  =  r^ — ^    .    .     .     (XXI) 


Q^=  {Apu  +  p)  {xi  —  x) 


=  {Apu  +  p)^ — ^.  .  .  .   (xxn.) 


The  value  of  Apu  +  p^  as  also  t/,  can  be  found  from  TaUe  H 
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Example  1. — ^The  cylinder  of  a  non-condensing  engine,  working  with  full 
pressure,  has  a  cross-section  of  0.174  square  meter,  and  a  stroke  of  1.048  meters. 
The  steam  pressure/)  is  3^  atmospheres,  and  the  number  of  revolutions  per  min- 
ute is  34.  What  is  the  theoretical  work  per  second,  and  how  much  heat  is  re- 
quired ? 

The  steam  quantity  per  stroke  is  0.174  x  1.048  =  0.182  cubic  meter.    Hence 

v, -t;=  0.183, 
and  the  work  per  stroke  is 

L  =zp{vi  -  v)  =  10884  X  2i  X  0.182  =  4702  m.  kU. 
The  work  per  second  is 

2  X  24 


60 
or 

8761 


X  4702  =  8761  meter-kilograms. 


=  50  horse  power. 


75 
For  the  heat  required  per  stroke, 

Since  Apu  +  p  for  8^  atmospheres  is,  from  Table  II.,  =  465.26  +  48.27  = 
508.53,  and  v  =  0.507,  we  have 

Q  =  508.58  —^  =  182.56  heat  units. 

Hence  the  heat  per  second  is 

182.56  X  ii  =  146.05  heat  units. 

If  all  this  heat  had  been  converted  into  outer  work,  we  should  have  had 
424  X  146.05  =  61925  meter-kilograms,  while  in  reality  we  have  only  8761,  or 
hardly  the  16th  part.  Now,  perhaps,  only  half  the  heat  of  the  fuel  acts  to 
vaporize  the  water,  so  that  we  utilize  only  the  82d  part  of  the  heat  of  the  fuel. 
Finally,  even  this  is  but  the  total  work  of  the  engine,  and  from  it  we  must  sub- 
tract the  prejudicial  resistances,  in  order  to  find  the  useful  work.  Since  these 
resistances  take  about  50  per  cent,  from  the  total  work,  we  have  only  -^ith  of  the 
heat  of  the  fuel  actually  utilized. 

Example  2. — ^A  condensing  engine  sends  0.182  cubic  meter  of  steam,  at  a 
27 


418  THEBMODTNAMiaS. 

presBore  of  i^th  of  an  atmosphere,  into  the  condenser,  where  the  pressare  is  con- 
stant.   What  work  is  necessary,  and  how  much  heat  is  taken  from  the  steam  ? 
The  work  required  is 

10844  X  iV  X  0.182  =  188.06  meter-kilograms. 

From  Table  II.,  Apu  +  pior^  atmosphere  is  588.85  +  85.46  =  57481,  and 
u  =  14.55.    Hence 

C  =  674.81  ^^  =  7.179  heat  units. 
^  14.55 


B.  ISODYNAMIO   CUBYE. 

'  The  isodjnamic  curve  gives  the  law  of  change  of  p  and  t^, 
when  the  inner  work  is  constant. 


Eqtuxtion  and  Construction  of  the  Curve. — Suppose,  as  before, 
one  kilogram  of  mixture  to  consist  of  x  kilograms  of  steam  and 
1  —  a;  of  water.  The  sensible  heat  of  the  mixture  is  q,  and 
hence  the  steam  heat  is 

and  the  inner  work  is 

-jiq-hxp). 

If  now  we  have,  after  adding  heat,  x^  kilograms  of  steam  and 
1  —  a?!  of  water,  and  the  sensible  heat  gi,  and  the  inner  latent 
heat  Pi,  we  hilve  for  the  "  steam  heat "  in  the  new  state 

and  the  inner  work 

For  the  isodynamic  curve  then 

j{q  +  xp)  =  ~^{qt  -h  Xtfh)t 

or 

g  -h  rep  =  gi  +  XiPi  ....     (XXHL) 
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This  is  the  equation  of  the  isodjnamic  carve.  In  order  to 
construct  the  curve  we  mast  kno-w  the  abscissa  and  ordinate 
for  different  points.  If  we  assume  p  and  x  known  for  the  ini- 
tial condition,  then  from  p  we  know  t,  u,  q,  and  p.  The  corre- 
sponding volume  is  given  by 


If  now,  pi  is  given  for  a'  second  position,  we  know  at  once  51 
and  Pj,  and  since  we  know  q  +  xp  for  the  initial  condition,  we 
have 


and  then  from 

«i  =  aH«]  +  ft 

can  find  Vi  =  for  the  second  condition. 

Thus  let  ^  =  5  atmospheres  and  x  =  0.80  kilograms,  then 
from  Table  IL, 

q  =  153.74,    p  =  454.99,    and 
u  =  0.363. 

Hence 

v  =  ini +  ff  =  0.8x  0.363  +  aOOl 
=  0.291  cubic  meter. 

Lay  oflf  now  OA  =  v  =  0.29,  Fig. 
70,  and  AB=5.  Then  5  is  a 
point  of  the  isodynamic  carve. 
We  can  now  calculate  v,  for  jo, 
-  4  atmospheres.  For  this,  qi 
=  145.31,  p^  =  461.5,  and  K,  -  0.447, 
hence 

_g+xp~q, 

Xj 

■       Pi 
_  153.74  +  0.8  X  454.99  -  145.31 

461.5 
=  0.807  kilogram.  "'  ^' 

Therefore  0.007  kilc^am  of  water  are  vaporized.    For  vt  we  have 
»i  =  iE,Mi  +  ff  =  0.807  X  0.447  +  0.001  =  0.362  cubic  meter. 


420  THERMODTNAMrCS. 

Lay  gS  OC  =  0.362  and  CD  =  4,  and  D  is  a  second  point  on 
the  curye.  In  the  same  way  we  can  determine  the  volumes  for 
pressures  of  3  atmospheres,  2,  and  1  atmosphere,  as  shown  in 
Fig.  70. 

The  curve  joining  all  the  points  thus  found  is  the  isodynamic 
curve  for  a  mixture  ^of  steam  and  water. 

We  see  here  also,  that  as  in  the  curve  of  constant  steam 
weight,  the  volumes  increase  as' the  pressures  decrease. 

The  curve  can  be  represented  then  by  an  equation  of  the 
form 

ptf^  =  p^Vi^  =  Pi^i^i  etc 

Zeuner  found  that  when  x  is  originally  =  1  kilc^am,  and 
then  the  steam  compressed  according  to  the  isodynamic  curve, 
n  =  1.0456.  For  the  curve  of  constant  steam  weight,  n  =  1.0646. 
The  curve  of  constant  steam  weight  approaches  the  axis  of  X 
more  rapidly  therefore  than  the  isodynamic  curve,  and  lies 
therefore  between  the  latter  and  the  isothermal. 

From  the  preceding  we  see,  that  during  expansion  of  steam 
along  the  isodynamic  curve,  water  is  vaporized,  and  during  com- 
pression, is  condensed.  Thus,  as  we  have  seen,  for  a  pressure 
of  4  atmospheres,  Xi  =  0.807  kilogram,  while  for  5  atmospheres, 
X  was  0.8,  and  for  3  atmospheres,  0.815,  etc 

Outer  Work, — Hmt  Required, — In  order  to  determine  the  work 
performed  during  expansion,  we  determine  the  area  of  ACDB, 
then  of  CDFE,  etc.,  considering  them  as  trapezoids.  Thus  for 
example,  for  the  outer  work  during  expansion  from  jj  =  5  to 
jpi=  4  atmospheres,  we  have 

L  =  £i^  (vi-  v)  =  10334  X  4.5  (0.362-0.291)  =  3302  met-kiL 

Since  further,  the  inner  work  is  constant,  all  the  heat  im- 
parted goes  to  outer  work.     This  heat  is  then 

0  =  ^X  =  rk  X  3302  =  7.79  heat  units. 

This  curve  is  of  little  value  in  practice,  hence  we  will  not 
discuss  it  further. 


r 
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C.    Adiabattc  Cubve. 

This  curve  gives  the  law  of  variation  of  p  and  v,  when  no 
heat  is  either  imparted  or  abstracted  during  the  change  of  con- 
dition. 

Equation  and  Construdum  of  the  Ourve.— To  construct  this 
curve  we  must  find  from  a  given  pressure  or  temperature  the 
corresponding  volume.     In  this  connection  we  refer  to  what 
has  been  said  in  the  Appendix 
to    this   chapter,   and  advise 
that  it  be  read  before  the  fol- 
lowing : 

Let  OA,  Fig.  71,  be  the 
volume  of  1  kilogram  of  water 
at  O''.  If  this  water  is  not 
partly  vaporized  when  heat  is 
imported  to  it,  it  must  be 
loaded  with  a  certain  weight 
or  subjected  to  a  certain 
pressure.  Call  this  pressure 
AB.  Suppose  now  the  tem- 
perature of  this  water  is 
raised  gradually  to  1,  2,  3,  etc.,  degrees.  To  prevent  vapori- 
zation the  pressure  AB  must  be  correspondingly  increased. 
When  the  temperature  of  the  water  is  100'',  the  pressure  is 
10334  kilograms.  The  imparting  of  heat  and  increase  of  press- 
ure is  thus  conducted  in  the  same  manner  as  for  permanent 
gases  in  the  Appendix.  We  have  then  here  a  certain  "  heat 
weight."  If  c  is  the  mean  specific  heat  of  water  between  0  and 
t  degrees,  the  heat  weight  imparted  for  this  rise  of  tempera- 
ture is 

c   ,  .    273  +  ^         c  ,  .     T 

^-  log  mit  -  273-  =  -J  log  uat  -^. 


OA 


If  we  denote  this  by  — t-  ,  we  have 


r  =  c  log  nat  g^-  =  2.3026  c  log  ~  .     (XXIV.) 
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The  value  of  r  is  given  in  Table  III.,  for  different  pressures. 

Let  us  assume  that  the  water  is  heated  under  these  condi- 
tions up  to  lOO"",  and  that  the  pressure  is  ^c  =  jx  Now  let  heat 
be  still  further  imparted,  while  the  pressure  remains  unchanged 
Vaporization  then  takes  place  under  constant  pressure  and 
temperature.  Suppose  we  thus  allow  a  certain  weight  of  water, 
a;,  to  be  vaporized.  The  volume  is  increased,  and  Ac  is  carried 
to  DE:  Through  this  point  D  let  an  adiabatic  curve  be  con- 
structed.   The  heat  weight  necessary  for  vaporization,  which 

must  be  imparted  to  the  x  kilograms  of  water  is  -jm  •    Hence  the 

total  heat  weight  imparted  both  to  water  and  steam  is 

In  other  words,  this  equation  gives  the  heat  weight  neces- 
sary to  raise  1  kilogram  of  water  from  0''  and  the  corresponding 
pressure,  into  water  of  t  degrees  and  the  corresponding  press- 
ure, and  then  to  convert  x  kilograms  of  this  water  into  steam. 
As  soon  as  a;  is  known,  we  can  find  the  corresponding  volume, 

V  =  xu  -\-  (J^ 

and  can  then  lay  off  OE  and  ED. 

Suppose  again,  we  raise  the  water  from  0°  to  fi°,  for  which 
the  pressure  is  p^.  The  heat  weight  is  then,  tmder  the  assump- 
tion that  between  0""  and  ti  the  mean  specific  heat  of  water  is 
the  same, 

Ty^      c  ,  .273  +  ^1        c   ,  .    Ti 

^  =  ^lognat^^3-  =  ^lognat2-73-. 

Now  let  a  certain  weight  Xx  of  this  water  be  vaporized  tmder 
constant  pressure  p^^  so  that  AF  passes  to  OH^  and  the  point 
6^  is  in  the  adiabatic  curve.    The  heat  weight  imparted  to  the 

steam  is  -~  . 
ATi 

We  have,  therefore,  for  the  entire  heat  weight  imparted, 
Z^2r,-Z*^8nat273  +  ^^^. 
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Since  &  is  a  point  in  the  adiabatic  curve,  this  heat  weight 
must  be  equal  to  the  first. 
Hence 

or 

r+f  =  ri  +  3r« (XXV.) 

The  values  of  r,  r^,  and  ^ ,  -^ ,  are  given  in  Table  HL,  so 
that  Xi  can  be  easily  found  when  x  is  known.    We  have 


If  cci  is  found,  the  volume  t;,  is  given  by 

Vi  =  XiUi  4-  (T, 

where  u^  is  given  by  pi  and  ^j.  If  therefore  only  the  point  D  is 
given,  we  can  construct  the  point  G  on  the  adiabatic  through  2>. 
In  similar  manner,  if  we  raise  the  kilogram  of  water  from  O'' 
to  t^^  for  which  the  pressure  is  AI  =  p^,  the  heat  weight  added 
to  the  water  is 

^«  =  -^lognat2^|. 

If  then  we  evaporate  x^  kilograms  under  constant  pressure, 
SO  that  ^/passes  to  K,  the  heat  weight  is  -j^ ,  and  we  have 
for  the  total  heat  weight 

A      AT^' 


If  Z*  is  on  the  adiabatic, 


r  +  '^  =  r,+  ^''* 


rp-'t    -     T,    • 


X 
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BO  that  we  can  find  x%  as  also  the  coTresponding  Tolnine  «i  =  o£. 
We  can  thas  constract  the  point  K.  Generally,  ve  see  that  bj 
the  principles  given  in  the  Appendix,  we  can  easily  find  differ- 
ent points  on  an  adiabatic  For 
V  the  sake  of  illnstration,  let  ns 

take  a  special  example. 

Let  as  aasome  that  we  have 
to  start  with  x  =  0.80  kilograms 
of  steam,  and  hence  X  —  x  =  0.20 
of  water.  The  ptessare  p  \s\ 
atmosphere.  Then  we  have  ks 
OE 

OE  =  w  =  STM  +  <y. 

A        Since  for  p  =  1,  w  =  1.65, 

V  =  0.80  X  1.65  +  0.001, 

or,  disregarding  a, 

«  =  0.8  X  1.66  =  1.320  coh.  m. 

'"'■  "■  Lay  off  then,  Fig.  72.  OE  = 

1.32  and  ED  =  1  atmos.,  and  i>  is  a  point  in  the  adiabatic.  We 
may  construct  s  second  point  for  p  =  2ED  —  2  atmos. 
For  this  we  have 

^  T     '  ^  r. 

In  Table  HL,  we  have  the  values  of  r,  r,  and  -=  for  different 
pressnrea 
For^  =1 

T  =  0.31,    ^  =  1.44, 
hence 

r  +  ^  =  0.31  +  0.8  X  1.44  =  1.46, 
and 

1.46=7,+=^!^,  • 
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For  pi  =  2  atmos.     n  =  0.37,  -^  =  1.33,  hence 

1.46  =  0.37  +  cci  X  1.33, 

and 

^        1.46  -  0.37  _  ^  Qo 

By  the  rise  of  temperature,  0.02  kilograms  of  water  are  thus 
vaporized.  Now  Vi  =  Xii^,  and  since  f or  ^  =  2  atmospheres, 
tt,  =  0.86,  we  haye 

vx  =  0.82  X  0.86  =  0.71  cubic  meters. 

Make,  then,  0H=  0.71,  and  HG  =  2,  and  we  haye  the  point 
G  of  the  curve. 
Let  i^  =  3  atmospheres.    Then 


or 


1.46  =  r,  +  a^-^. 
According  to  Table  TTT.,  tor  pi=^^  atmospheres. 


hence 


and 


T,  =  0.40,    ^  =  1.26 


1.46  =  0.40  4-  X,  X  1.26, 


x%  =  -— Y075- —  =  0.84  kilograms. 


Hence,  since  v^  =  0.59, 


t;^  =  a-2tt2  =  0-54  X  0.59  =  0.50  cubic  meters. 
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Lay  off  then,  OL  =  0.5,  and  LK  =  3,  and  J^  is  a  third  point  on 
the  curve. 

For  ^  =  4  atmospheres,  we  find  in  similar  manner,  ^3  =0.38 
cubic  meters.  In  our  Fig.  72,  OB  =  0.38,  and  BG=  4,  and  thus 
we  have  a  fourth  point  G.  The  curve  joining  these  points  is 
the  adiabatic 

We  see  from  the  preceding,  that  when  a  mixture  of  steam 
and  water  is  compressed  adiabatically,  water  is  vaporized,  and 
at  the  end  there  is  more  steam  and  less  water  than  at  first  If 
there  were  at  first  saturated  steam  only,  without  water,  by 
compression  the  steam  would  be  superheated,  and  the  adiabatic 
curve  for  this  superheated  steam  would  be  different  If  the 
saturated  steam  expands  performing  work,  we  have  inverselj, 
condensation  of  steam,  as  has  already  been  proved  elsewhere. 
The  deportment  of  saturated  steam  by  adiabatic  expansion  on 
compression  is  thus  the  reverse  of  that  for  the  isodynamic 
curve. 

Since  a  knowledge  of  the  law  of  the  adiabatic  curve  is  of  the 
greatest  importance  for  a  reliable  and  thoroughly  scientific 
theory  of  the  steam  engine,  we  shall  proceed  to  show  by  an  ex- 
ample, how  condensation  takes  place  during  expansion,  and 
shall  then  investigate  what  takes  place  when  we  have  at  first 
only  water  of  a  certain  temperature,  and  then  diminish  the 
pressure  according  to  the  adiabatic  curve. 

Suppose  in  a  cylinder,  1  kilogram  of  pure^  saturated  steam, 
without  admixture  of  water,  of  4  atmospheres  pressure,  and 
therefore  at  a  temperature  of  144''.  Then  here  a;  =  1,  and 
from  Table  III., 

r=  0.427,    ~=  1.211, 

and  from  Table  11.,  u  =  0.447,  hence 

1;  =  XM  =  1  X  0.447  =  0.447. 

If  now.  Fig.  73,  OB  =  0.447  and  5C  =  4,  we  have  the  point 
C  as  the  first  point  of  the  curve.    We  have  now 

r  +  z  J  =  0.427  +  1.211  =  1.63a 


•  '*  Pure  "  I.  < ,  dry— no  water  particles  being  mecbanically  Bospended  In  the  steam.  When 
this  in  the  case  the  steam  is  said  to  be  "  wety 
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Now  let  the  steam  expand  adiabatically,  until  the  pressure 
is^i  =  DE=^  2  atmospheres.     For  this  case 


ri  =  0.368,   ^  =  1.326,  hence 

1.638  =  0.368  4-  a?i  X  1.326,  or 
Xi  =  0.958  kilograms. 

Hence  1  -  0.958  =  0.042  kilo- 
grams of  'steam  have  con- 
densed. The  volume  Vi  =  Xitii 
=  0.958  X  0.859  =  0.823.  If 
then,  OD  =  0.823  and  DE 
=  2,  ^  is  a  second  point  in 
the  curve. 

Let  the  steam  still  expand, 
till  its  pressure  is  1  atmos- 
phere =  FG. 


0 


B     1) 


r 


s 


—1518 
4I,8|23— H 


Fie  78. 


Then 


ra=0.314,^ 


=  1.438,    «2  =  1.649,  and 


1.638  =  0.314  -^XiX  1.438    or    a^  =  0.920  kilogram. 

Hence  by  expansion  from  4  atmospheres  to  1, 1—  0.920  =  0.08 
kilogram  of  steam  have  been  condensed. 
The  specific  volume  is 

Vi  =  x^Ui  =  0.92  X  1.649  =  1.518  cubic  meters. 


If  we  make  0F=  1.518  and  FO  =  1,  we  have  a  third  point 
in  the  curve. 

We  see  then,  very  plainly,  that  during  expansion  the  steam 
condenses.  If,  inversely,  we  had  to  start  with  only  0.920  (Xi) 
kilogram  of  steam,  and  1  —  0.920  =  0.080  of  water,  itoder  a 
pressure  of  1  atmosphere,  and  compressed  the  mixture  adia- 
batically  to  4  atmospheres,  we  would  have  at  the  end  of  the 
process,  1  kilogram  of  steam,  saturated,  and  the  0.08  kilogram 
of  water,  will  be  completely  vaporized. 
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The  expansion  ratio  in  the  first  case  is 

v-z  __  1.518  _  Q  oQ^ 

—  —  i^A  Art    —  0.0^71/.  » 

V      0.447 

The  expansion  ratio  is  therefore  less  than  according  to  the 
old  views  as  to  the  properties  of  steam. 

Let  us  now  suppose  we  have  only  water  to  start  with,  of  a 
given  temperature,  the  pressure  being  therefore  such  that 
there  is  no  vaporization.  Now  let  the  pressure  diminish  gradn- 
ally,  and  no  h^at  be  imparted  or  abstracted,  and*  let  us  see 
what  are  the  changes. 

Suppose  the  temperature  of  the  water  is  144"",  and  hence  the 
pressure  ^  =  4  atmospheres.    We  have  then 

r  =  0.427,    4=1.211,    and    aj  =  0, 

hence 

T  +  a?^  =  0.427. 

If  now  the  pressure  sinks  gradually  to  2  atmospheres,  we  have 

Tj  =  0.368,    ^  =  1.326     and     n  +  x^'^  =  0.368  +  a^  x  L326, 

hence 

0.368  +  iCi  X  1.326  =  0.427,    and    a-i  =  0.044  kilogram. 

This  weight  of  steam  has  been  formed.  If  in  this,  as  well  as  in 
the  previous  case,  we  had  used  more  decimal  places  and  cal- 
culated more  accurately,  we  would  have  found  that  the  same 
quantity  of  steam  was  formed,  as  in  the  case  of  pure  saturated 
steam  only  was  condensed. 
We  have  further 

v^  =  XjWi  =  0.044  X  0.859  =  0.039  cubic  meter. 

If  the  pressure  still  falls  to  1  atmosphere,  we  have 

rj  =  0.314,    -^=1.438, 
0.427  =  0.314  +  1.4380^,    or    rcj  =  0.0786  kilogram- 
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This  steam  has  been  formed,  and  there  is  left  1  —  0.0786 
=  0.9214  kilogram  of  water.  Here  also  we  should  have  just 
the  same  steam  weight  produced,  as  in  the  first  case  was  con- 
densed. 

We  see  then,  that  when  there  is  more  steam  than  water, 
there  is  partial  condensation  during  expansion.  But  when 
there  is  only  water  in  the  beginning,  steam  is  formed  during 
expansion.  Hence  it  follows,  that  there  is  a  certain  propor- 
tion of  steam  and  water  for  which,  during  expansion  there  is 
neither  condensation  nor  vaporization,  or  at  least,  for  which 
during  the  first  period  of  the  expansion,  there  is  just  as  much 
steam  generated  as  during  the  second  is  condensed.  This 
mixture  can  be  determined.  Since  at  the  beginning  and  end 
of  the  expansion,  we  have  the  same  amount  of  steam  or  water, 

or 

x=     ^  ~^'       (XXVL) 


T  — 

n 

r 
T 

n 

If  we  assume  the  initial  pressure  at  4  atmospheres  and  the 
end  pressure  at  1  atmosphere,  we  have  for  x  almost  exactly  0.5 
kilogram.  "We  must,  therefore,  have  to  start  with  as  much 
water  as  steam,  by  weight,  if  by  expansion  between  4  and  1 
atmospheres  there  is  to  be  at  the  end  the  same  steam  and 
water  quantity  as  at  the  beginning.  For  from  10  to  5,  and  5  to 
1,  and  1  to  i  atmospheres,  we  have  respectively 

X  =  0.56,        X  =  0.50,        X  =  0.46  kilogram. 

The  mixture  ratio  does  not  vary,  therefore,  much  from  1  to  1. 

If  we  suppose  for  the  extreme  pressures  4  and  1  atmospheres, 
and  the  mixture  ratio  1  to  1,  that  is,  as  much  steam  as  water, 
by  weight,  the  adiabatic  curve  and  also  that  for  constant  steam 
weight  constructed,  both  curves  must  then  cross  at  the  begin- 
ning and  end  of  expansion.  Fig.  74  Since,  further,  the  steam 
formed  during  the  first  half  of  expansion  is  small,  both  curves 
vary  but  little  from  each  other.    The  adiabatic  curve,  how- 
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ever,  approaches  the  axis  somevhai  more  rapidlir  than  the 
coFve  of  constant  steam  weight.  In  Fig.  74,  the  dotted  line 
is  the  adiabatic  carve  for  the  mixtnre  ratio 
of  1  to  1  and  for  the  limiting  pressures 
of  4  and  1  atmospheres.  We  see  from  the 
preceding  how  complicated  is  the  phenome- 
non of  expansion  or  compression  adtabftt- 
icaUj  of  saturated  steam.  We  thns  anive 
at  the  following  general  resnlts. 

'   (a.)  For -ESPiiSSias,  adiahaiic : 
\,  If  vx  start  with  pure  saturated  tUam, 
X    without  admixture  of  tocUer,  steam  amdenm 
during  expansion. 

2.  If  there  is  more  steam  than  water,  there  t» 
also  condensaiion. 

3.  If  there  is  more  water  than  steam  to  start 
with,  steam  is  generated  during  exjjonaton. 

(J.)  For  COMPRESSION,  adiabatic  : 

1.  I/we  start  with  pure  saturated  eieam.,  without  admixture  ^ 
waixr,  ii  wiJl  be  superheated  by  compression. 

^  If  the  initial  steam  toeight  is  greater  than  thai  of  the  water, 
steam  is  generated  by  the  compression. 

3.  If  there  is  more  water  than  steam,  steam  is  condensed  during 
compression. 

Calctdation  of  (he  Outer  Work, — Since  daring  the  expansion  or 
compression  according  to  the  adiabatic  curve,  heat  is  neither 
imparted  nor  abstracted,  the  enter  work  performed  during  ex- 
pansion most  be  at  the  expense  of  inner  work.  If  now  ^is  &o 
inner  work  contained  bj  a  mixture  of  ^team  and  water  before 
expansion,  and  Ui  that  after,  the  onter  work  is 

L=   U-Uy. 

Hence  the  heat  disappearing  is 

Q  =  AL  =  A{U-  U,). 
The  inner  heat,  which  is  equivalent  to  the  inner  work,  is 
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easily  calculated.    If  we  have  x  kilograms  of  steam  and  \  —  x 
*     of  water,  the 

X  kilograms  of  steam  contain ....  *       a^  (<Z  +  P)     ^^^^  units. 
1-x         "  "  water      "       . , . .  {^-x)q 


a 


The  mixture  contains a;(j  +  /o)  +  (1  —  x)q 

or,  reducing, 

q  +  xp  heat  units. 

For  X  kilograms  of  steam  and  1  —  a:  of  water,  we  have 

■       • 

?i  +  ^Pi  heat  tmits. 
Hence  the  heat  disappearmg  during  expansion  is 

Q  =  AL  =  A{U-Ux)=q  +  xp-{qi-x,fH).    .     (XXVH.) 

where  x  and  a,  are  the  steam  weights  at  beginning  and  end  of 
expansion. 

Example  1. — What  work  is  performed  by  1  kilogram  of  saturated  steam  at  4 
atmospheres,  when  it  expands  adiabatically  to  1  atmosphere  ? 

We  have  in  this  case  a;  =  1,  and  can  find,  as  on  page  425,  Xx  =  0.920.  Further, 
from  Table  11.,  ve  have 

9=145.31,        and       /9  =  461.5 

for  4  atmospheres,  and  for  1  atmosphere, 

•  qi  - 100.5,        and       /»,  =  496.3. 

Inserting  these  values,  we  have 

Q  =  AL  =  145.31  - 100.5  +  461.5  -  496.8  x  0.920 

=  49.7  heat  units,  and  hence 
2/  =  424  X  49.7  =  21072.8  metei^kilograms. 

Example  2.— What  would  the  work  be,  if  to  start  with,  we  had  only  water 
and  no  steam  ? 

In  this  case  we  have  a;  =  0,  and  find,  as  on  page  428,  Xy  =  0.079,  while  q,  g,, 
p,  px  are,  as  before.    Hence 

AL  =  145.31  -  100.5  h-  0.461.5  -  496.3  x  0.079 
=  44.81  -  89.2  =  5.61  heat  units. 
£  =r  424  X  5.61  =  2378.6  meter-kilograms. 
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The  work  is,  therefore,  very  much  less  than  before,  which  is 
easily  comprehended  from  the  fact  that  during  expansion  eieam 
iaformedy  which  consnmeai  a  large  part  of  the  heat  of  the  liquid, 
so  that  the  temperature  and  pressure  decrease  more  rapidly 
than  before. 

Approximate  FommUx  for  the  Adiahatic  Curve, — ^Por  the  iso- 
thermal curve  for  steam  and  water  mixture,  we  can  easily  find 
the  volume  for  any  pressure  and  steam  weight.  For  the  iso- 
dynamic  curve,  also,  we  have  given  an  expression  which  gives 
with  sufficient  exactness  the  relation  between  pressure  and  vol- 
ume. Since  the  adiabatic  curve  is  of  especial  practical  impor- 
tance, it  is  desirable  to  find  for  it,  also,  such  an  expression, 
which  shall  furnish  us  with  a  simpler  and  less  tedious  method 
of  calculation. 

Bankine  found  that  the  law  of  the  adiabatic  curve  was  given 
by  an  equation  of  the  form 

jpv^  =  PiVi^  =  PstV'i^y  etc., 

where  m  ==  1.11.  But  it  is  not  stated  by  Bankine  whether  this 
value  of  m  was  found  for  every  mixture  of  steam  and  water,  or 
only  for  a  certain  definite  proportion.  From  the  calculations 
given  by  Bankine,  the  first  appears  very  improbable,  and 
Grashof  has  pointed  out  that  this  value  is  too  small  for  pure 
saturated  steam  without  admixture  of  water.  He  shows  that 
in  this  case,  m  should  be  1.140.  The  preceding  calculations 
enable  us  t.o  determine  at  once  if  this  value  is  correTst,  and  at 
the  same  time  show  that  the  value  of  m  given  by  Bankine 
answers  only  to  a  certain  definite  mixture,  and  not  to  all  others. 
From  the  equation 

pv"'=p,vi'^.    ....    (xxvm.) 

we  have 

or 

log  — 
m= ^ (XXIX.) 

log- 
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Let  us  take  the  example  on  page  425. 
Here  i>  =  4,|)i  =  l,  v  =  0.447,  and  Vi  =  L620- 

Accordingly, 

_log^_   log  4    _a602_--^ft 
" ,      1.520  "  log  3.39  -  0.530  ""  ' 

^^^0447 

a  yalne  which  agrees  perfectly  with  that  of  Grashof  if  we 
take  only  2  decimal  places. 

If,  however,  we  suppose  only  water  at  the  beginning  of  ex- 
pansion, and  find  m  for  the  case  of  the  example  on  page  428. 

Here      i>  =  4,|)i  =  l,  t;  =  0.001,  and  Vi  =  0.1312,  hence 

log4      _     log 4     , 0.602  _, 
^^.      0.1312  ^  log  131.2  ""  2li8  -  "'"^^ 
^8  0.001 

It  follows,  then,  that  the  yalue  of  m  is  entirely  dependent 
npon  the  original  proportion  of  steam  and  water.  Zenner  has, 
therefore,  calcidated  m  for  different  mixtures,  as  follows  : 

Initial  Pre«nire  ^^^^^^^^  Pinal  Pre«nx«  in  Atmospheres. 

In  Atmospheres.  x.  OJS  1  2 

4  a;  =  0.90  m  =  1.124  1.127  1.130 

0.80  =  1.114  1.116  1.119 

0.70  =  1.102  1.104  1.105 

2  a;  =  0.90  m  =  1.128  1.120 

0.80  =  1.114  1.117 

0.70  =  1.103  1.104 

1  a;  =  0.90  w  =  1.122 

0.80  =  1.114 

0.70  =  1.108 

We  see  from  this  tabulation  that  the  value  of  m  depends 
upon  the  original  steam  quantity  x ;  That 

1st,  it  is  greater  the  greater  x  is. 

2d,  it  depends  upon  the  initial  and  final  pressures.    The 
greater  these  are  the  greater  is  rru 
28 
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We  see  also  from  the  Table,  that  Bankine's  value  for  m  be- 
longs to  a  mixture  of  about  80  parts  steam  and  20  parts  water. 

The  dependence  of  m  upon  the  initial  *and  final  pressures  is 
also  shown  by  the  following  tabulation  given  by  Zeuner,  in 
which  the  steam  is  assumed  to  be  at  first  pure,  without  admix- 
ture of  water.     The  table  also  gives  the  expansion  ratio  e. 


IniUal  Prewnre 

p 
ill  Atmospheres. 

Final  Pressure  P|,  iu  Atmospheres. 
0.5                        1                      3 

4 

X  = 

0.854 

0.884 

0.918 

0.956 

8 

e  = 

11.577 

6.236 

3.375 

1.834 

w  = 

1.132 

1.136 

1.140 

• 

1.143 

X  = 

0.888 

0.921 

0.958 

4 

e  = 

6.282 

3.390 

1.837 

m  = 

1.132 

1.135 

1.140 

X  = 

0.024 

0.960 

2 

6  = 

3.409 

1.842 

• 

m  = 

1.130 

1.134 

X  = 

0.961 

^ 

1 

e  — 

1.848 
1.129 

We  see  from  this  that  for  the  same  initial  pressure  jt),  the 
value  of  m  is  greater,  t]ie  greater  the  final  pressure  pi.  We  see 
also  that  the  deviations  are  slight,  and  that  hence  we  can  take 
for  m  the  mean  value  m  =  1.135. 

The  expression  which  gives  the  adiabatic  curve  of  saturated 
steam,  originally  toithmt  admixture  of  tvater^  is  therefore 


p^W  _-  p^^^i  134  _.  p^yl  1S4^  gj.^ 


Hence 


or  the  expansion  ratio  e  is 


=  h^  (JLY^^  =  (^_P.y     •    .     (XXX.) 
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Now  from  the  table  on  page  433,  we  see  that  for  the  same 
initial  pressure,  m  is  less  the  greater  the  water  weight  in  the 
mixture.  If  we  take  the  mean  of  those  cases  where  the  initial 
steam  quantity  is  0.90,  we  have  m  =  1.125. 

The  mean  for  x  =  0.80  is  m  =  1.115  and  for  x  =  0.70,  1.103- 
Hence  we  have,  i 

for  a:  =  1      wi  =  1.135 

a:  =  0.90 w  =  1.125 

X  =  0.80 m  =  1.115 

X  =  0.70 m  =  1.103. 

Zeuner  has  found  that  these  values  are  given  very  closely  by 
the  empirical  formula, 

m  =  L035  +  O.IOO^ZJ    •    •    .      (XXXL) 

Grashof  has  assumed  in  his  investigation  of  the  steam  en- 
gine, m  =  1.125,  a  value  which  corresponds  therefore  to  a 
mixture  containing  ten  per  cent,  of  water.  We  shall  refer  to 
this  when  speaking  of  the  steam  engine.  We  would  only 
remark  here,  that  the  steam  passing  from  the  boiler  to  the 
cylinder  has  always  a  certain  amount  of  water  suspended  in  it 
mechanically;  that  the  amount  of  this  water  depends  upon 
the  velocity  and  the  fierceness  of  ebullition  ;  that  also  in  long 
passages,  some  steam  is  condensed  and  carried  into  the  cylin- 
der. In  locomotives  the  water  weight  is  not  unfrequently  25 
to  30  per  cent. 

Tlie  indicator  diagram  of  the  steam  engine  confirms  rather  than 
contradicts  the  correctness  of  the  mechanical  theory  of  heat.  If  we 
compare  the  indicator  diagram  of  the  steam  engine  with  the 
isothermal  curve  for  gases,  which  is  given  by  Mariotte's  law, 
we  find  that  this  curve  deviates  but  little  from  the  curve  of  the 
diagram.  It  has  thus  been  asserted  that  the  steam  in  the  cyl- 
inder of  a  steam  engine  follows,  during  expansion,  Mariotte's 
law,  pv  =  pt^b  and  that  hence  the  conclusions  of  the  mechanical 
theory  of  heat  must  be  incorrect.  Properly  regarded,  the  con- 
trary is  the  case.    The  value  of  m  in  the  equation 
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approaches  unity  more  nearly,  the  greater  the  quantity  of 
water  and  the  greater  the  expansion.  As  the  steam  always 
carries  with  it  a  considerable  percentage  of  water,  m  cannot 
differ  much  from  1,  and  hence  the  indicator  curve  does  not 
vary  much  from  that  which  gives  the  law  of  Mariotte.  If,  for 
example,  we  refer  to  the  figure  on  page  424,  we  find  that  between 
4  and  1  atmospheres  and  for  20  per  cent,  of  water,  the  volumes 
are  nearly  inversely  as  the  pressures.  Thus  while  these  last 
are  4,  2,  1,  the  former  are  0.38,  0.71,  1.32. 

Work  of  Steam  Expanding  AdiabaticdUy. — ^We  have  seen  in 
Part  L,  that  the  work  of  one  kilogram  of  air,  when  expanding 
adiabatically,  is 


^=t^\}-if)n 


where  k  =  1.41,  and  the  equation  of  the  curve  is 

pv^'  =  piVi\ 

Since  our  equation  for  saturated  steam  has  the  same  form, 
we  have  a  similar  expression 

m  -1 


^ = i;:^!  t -(?)"]••  (^^^) 


If  we  compute  according  to  this  formula  the  work  during 
expansion  of  steam  for  different  initial  pressures  and  expansion 
ratios,  and  compare  the  results  with  those  given  by  the  for- 
mula on  page  431,  we  find  a  very  satisfactory  agreement  We 
will  show  this  by  an  example,  which  will  serve  at  the  same 
time  to  illustrate  the  use  of  the  last  formula. 


EXAMPLE. 

What  is  the  work  done  by  1  kilogram  of  saturated  steam,  while  expanding 
adiabatically  from  4  atmospheres  to  1  atmosphere? 

Here  ^  =  4,   Pi  =  t  and  v  =  xu-{-  6  =  0.448.     Hence  -  -  =  0.25,  and  for 
,  we  have  r-i^=  0.122.    Substituting  these  values  we  have 
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4x0  447 
L  =  10334  X      Q^^   [1  -  (0.25)<»«2].    Now  log  (0.25y>^«  =  0.122  log  0.25 

=  1.9266,  and   (0.25)«^w  =  0.845.    Hence    1  -  (0.25)«^»«  =  0.155.     Further, 

4x0  447 
10334  X        ^  ::r    =  136408.     Therefore 

L  =  136408  X  0.155  =  21143  meter-kilograms. 

The  corresponding  heat  is 

Q=AZ=  ?^  =  49.86  heat  units. 
4>s4 

On 'page  431,  we  found  49.7  heat  units,  a  very  close  correspondence. 

Zeuner  has  investigated,  by  several  other  examples,  how  far 
the  results  of  the  present  formula  agree  with  those  given  by 
the  previous.  The  following  tabulation  gives  the  comparison. 
The  product  ALi  indicates  the  result  of  our  present  formida, 
and  A  L  that  of  the  other,  while  e  is  the  expansion  ratio. 


Initial  Preeenre 
in  Almosphcrcs. 

Final  Preeeare/^t  ^i^  Atmospheres. 

P- 

0.5 

1 

2 

4 

e  =  11.51 

6.247 

8.392 

1.842 

8 

AL,  =  94.90 

74.02 

51.35 

26.73 

AL  =  94.93 

73.75 

61.01 

27.57 

c=    6.25 

3.392 

1.842 

4 

AL^  =  70.95 

49.22 

25.63 

^2/ =71.14 

49.17 

25.53 

c=    8.392 

1.842 

8 

AL,  =47.19 
JZ/=47.40 

c=   1.842 

24.57 
24.59 

1 

^X,  =23.58 
AL  =  23.70 

We  see  that  the  values  of  AL^  and  AL  coincide  as  near  as 
can  be  desired.  We  may  therefore  make  use  of  the  approxi- 
mate formula  XXXII.,  in  calculating  the  work  of  expansion  in 
the  steam  engine.  This  we  dhall  do,  but  we  may  give  it  a  more 
convenient  form. 
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Thus  instead  of  i~]        we  can  put  i—\         ,  and  there- 
fore 

As  already  remarked,  Grashof,  in  his  discussion  of  the  steam 
engine,  has  taken  m  =  1.125. 


APPENDIX  TO  CHAPTER  XVIII. 

The  principle  that  in  every  reversible  cycle  process,  the  pro- 
duct of  the 
highest  and 
lowest  abso- 
lute tempera- 
tures is  equal 
to  the  product 
of  the  inter- 
mediate abso- 
lute tempera- 
tures, the  cor- 
rectness of 
which  we  have 
shown  by  an 
example  on 
page  240,  of 
Part  L,  can 
be  proved  gen- 
erally in  an  elementary  manner. 

Let  AA  and  AiA^y  Fig.  75,  be  adiabatic  curves;  TcT^  and 
TaTz  lines  which  follow  the  general  law 

n  n 

or 


Let  T  and  Ti  on  ^^  be  the  absolute  temperatures  of  1 
kilogram  of  air,  and  T2  T^  the  final  absolute  temperatures 
when  this  weight  of  air  passes  along  TcT2  or  TiaT^.  Let  the 
curves  TdTand  T^gTi  be  isothermals. 

439 
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Let  us  first  consider  the  curves  TcT^,  T^T^T,  and  TdT. 
For  the  isothermal  curve  TdT,  we  have 

pv  =  qiv. (1). 

For  TiTsT,  we  have 

P2v/'  =  qt<^ (2). 

For  TcTft,  we  have 

jjWm  =P2V2'^ (3). 


Let  us  seek  first  to  determine  from  T,  T^  and  v^  the  volume 
Ow  =  w. 
From  (2),  we  have 

Since,  however,  for  perfect  gases  P2V2  =  jBTj,  and  qw  =  5T, 
or 


w 


=  %(f)*-' (4). 


Let  us  now  find  v  in  terms  of  the  same  quantities. 
From  (3), 


*-i  «-i 


pi;  X  v'^      =  p%V2  X  r^*™      . 

Since  here  pv  =  RT,  and 7)2^2  =  -B^a, 


••-i       ^^         -^-1 


Hence 


ffi 


«  =  ..(^)"-'" (6). 


Now  we  have  seen  in  Part  L,  page  187,  the  expressions 


<?i       ..      a 


or 


2 


^^1    "*   :^ra 


3 


are  very  appropriately  called  "  heat  weights."    But  Qi  was  the 
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heat  imparted  upon  the  path  Ti  Ti,  and  Qi  that  abstracted  upon 
the  isothermal  T^T^  (see  Figure  in  Chap.  VL,  Part  L).  All  the 
heat  imparted  went  to  produce  outer  work  Ti  was  the  abso- 
lute temperature  at  which  heat  was  imparted,  and  T.^  that  at 
which  it  was  abstracted.  Let  us  apply  this  to  our  present 
Figure. 

Thfis,  the  expression  -j~f  is  the  heat  weight  which  must  be 

imparted  to  the  unit  of  weight  of  air,  when  it  passes  from  the 
condition  p,  v,  T,  along  the  isothermal  TdT^  to  the  condition 
9,  w,  T.    Denote  this  heat  weight  by  P,  then 

^=z^ («> 

Now,  according  to  Equation  XVL  of  Part  L,  page  158,  the 
heat  Q  imparted  is 

C  =  2.3026^5  r  log-, 
or  using  natural  logarithms, 

Q  =  ABT  log  ua.t-. 

V 

Sabstitate  this  in  (6),  and  we  hare 

P  =  JJ  log  nat  - (7). 

Here,  then,  is  a  new  expression  for  the  heat  weight.  It  is 
given  by  the  initial  and  final  volumes,  during  expansion  along 
the  isothermal,  and  by  JR.  The  value  of  li  varies  for  different 
bodies. 

Now  we  have  also  found,  page  145  of  Part  L, 

i>_c(^-l). 

K — J—> 

henoe 

P  =  ^^lognat^    .    .    .    .    (8). 
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If  we  put  now  for  w  and  v  their  values  from  (4)  and  (5),  we 
have 

„  (^'\^  — » 


or 


n  —  mk 


i>  =  ^  log  ..t  (f  )  —  , 

or  finally, 

clognat  (^^J. 


P  = 


1     mi  —  71 
A     m  —  n 


From  Equation  XLL,   page   198,  Part  1,  c  is  the 

M  —  n 

specific  heat  s  for  the  law  of  change 

n  ji 

Therefore  we  have 

This  is,  therefore,  the  heat  weight  for  the  path  TcJV 

We  can  thus  find  the  heat  weight  for  any  transference  of  a 

body  from  one  condition  to  another,  if  we  Imow  the  initial  and 

final  temperatures  as  well  as  the  specific  heat  for  such  transfer. 

If  the  initial  temperature  is  ^,  and  the  final  t-z,  then  T  =  273  +  / 

and  T^  =  273  +  ^,  so  that 

jy       8  .  .  273  +  ^ 

P  =  ^lognat273^. 

If  we  change  the  condition  T^,  p^,  Va  along  the  same  cnrye 
jTjCjTinto  the  condition  T,jp,  v^  by  abstracting  heat,  the  heat 
weight  abstracted  is 

~  log  nat  -^ 
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If  ThNis  another  curre,  which  has  the  same  initial  point  T, 
and  whose  end  lies  in  the  adiabatic  AxA^^  then,  if  the  change  of 
condition  follows  this  curve,  for  which  the  specific  heat  is,  say 
^1,  and  the  finAl  temperature  T^^  we  have 

P  =  -|lognatJ«. 

ft 

Since  ^  i»  on  the  adiabatic  curve  AiAi,  the  heat  weight 
added  along  Tc  Jj  is  the  same  as  that  along  ThN^  and 


^  log  nat  jf  =  ;J  log  nat  -^. 


Therefore,  when  a  body  passes  from  the  same  initial  condition 
into  different  Jinal  conditions,  the  heat  toeight  imparted  is  aliuays  the 
same,  if  these  Jinal  states  are  in  the  same  adiabatic. 

On  page  175,  Part  L,  we  have  seen  that  the  heat  Q  and  Qi, 
which  must  be  imparted  to  a  body,  when  passing  by  different 
isothermals  from  one  adiabatic  to  another,  are  as  the  abso- 
lute temperatures  T  and  T,.     Hence 

Q  ^Qi      ^^        Q   ^    Qi 


T      Ti  AT"  AT,' 

That  is,  the  heat  weights  are  equal    If, sow,  TxaT^  is  a  curve 

whose  law  is  pv^  =  p^vf^  =  etc.,  that  is,  if  it  is  a  curve  of  the 
same  kind  with  TcT^,  we  have  again 

■^    or    J2  log  nat  ^  = -J  log  nat  ^ . 

For  since  the  curve  TiaT^  is  of  the  same  kind  as  TcTt,  we 
haye  the  same  specific  heat  s. 
Since  now 

we  have 


4U 
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From  this  equation  we  have 


or 


T^T=  T^Tu 


and  this  is  the  principle  already  deduced  in  Part  L  for  a  spe- 
cial  case. 
If  in  the  cycle  process,  TcT^^  T^T^  T^T^^  T\Ty  we  consider 

the  heat  weight  imparted  on  the  way  TcTa^  thai?  is,  -j-  logn&t 
-^ ,  as  positive,  and  that  abstracted  on  the  way  T^Ti,  viz., 
"2-  log  nat  ~ ,  as  negative,  we  can  say  that 


In  every  reveraible  cycle  process  the  algebraic  sum  of  ike  heat 
weights  is  zero. 

We  have  thus  far  spoken  only  of  such  reversible  cycle  pro- 
cess as  are  inclosed  by  four  curves.  We  may  have  a  process 
composed  of  three,  or  more  than  four  lines.  One  of  more  than 
four  lines  is  called  compound.    In  Fig.  75,   TcT^T^TdT  is  a 

cycle  process  of  only 
three  lines.  In  such  a 
process,  also,  the  heat 
weight  imparted  is  equal 
to  that  abstracted.  For 
the  heat  weight  on  the 
way  Td  T  is  equal  to  that 
on  the  way  TcT^. 

Since  we  shall  hare 
frequent  occasion  to 
speak  of  "heat  weight," 
let  us  by  some  examples 
X  endeavor  to  get  a  clear 
idea  of  it 

Suppose  in  a  cylinder 
the  unit  of  weight  of  air  of  the  volume  t;,  and  absolute  temper- 
ature T^  and  pressure  p.  Fig.  76,  and  let  us  heat  this  air  under 
constant  volume  t;,  until  the  pressure  is  pi  and  temperature  Ti* 


Fio.  76. 
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The  heat  weight  imparted  is 

-j^log  nat^, 

where  c  is  thQ  specific  heat  for  constant  yolnme. 

Now  let  the  air  expand  under  constant  pressure  pt^  until  the 
Tolume  is  Vi,  and  temperature  T^    The  heat  weight  added  is 

2"  log  nat^% 

where  ch  is  the  specific  heat  for  constant  pressure. 

The  sum  of  the  heat  weights,  during  the  change  of  condition 
from  p^  V,  T  to  Vi,  pi,  T^^  is  then 

J  log  nat  ^  +  ^  log  nat  -^  . 

We  should  have  to  add  the  same  heat  weight  when  the  air 
is  brought  in  any  other  way  from  the  initial  condition  p^  v,  T 
to  jpii  Vxy  T^  For  if  we 
suppose  an  adiabatic 
through  T^y  as  AAy  the 
heat  weight  from  T  to  c 
is  the  same  as.  from  T  to 
Ti,  and  from  T^  to  c  the 
same  as  from  J)  to  Ti. 
Hence  the  sum  along  Tc 
and  cTi  is  equal  to  that 
along  TTi  and  T,  ?V 

Again,  let  Os,  Fig.  77, 
be  the  specific  water  vol- 
ume (volume  of  1  kilo- 
gram of  water)  at  0°.  Let  sA  be  the  pressure  of  the  steam 
at  0"*.  Let  now  the  water  be  heated  until  the  temperature 
has  risen  to  f,  and  at  the  same  time  let  the  pressure  be  so 
increased  that  at  every  instant  it  is  equal  to  the  steam  press- 
ure which  ivoidd  exist  tvithout  this  outer  pressure.  Then,  if  the 
mean  specific  heat  of  the  water  between  0°  and  f  is  denoted  by 
c,  we  have  for  the  heat  weight  imparted 

o       c  .  .  /  4-  273       c  ,  .    T 

P  =  -J  log  nat  ^j— 273  =  A  ^^^  ^^*  273* 


Fio.  77. 
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If  now  we  suppose  the  pressure  constant  and  heat  the  water, 
then,  as  we  know,  steam  is  formed  at  constant  temperature  t 
If  after  a  certain  time  a  certain Tolume  of  steam,  SDy  isformed, 
the  line  BG  represents  the  law  of  change.  This  line  is  the 
isothermal  line  therefore  of  saturated  steam,  because  it  gives 
the  relation  between  volume  and  pressure  for  otm^rd  tempera- 
ture.   If,  then,  the  amount  of  heat  imparted  from  B  io  Oa  Q^ 

Q 
we  have  for  the  heat  weight  -j^  where  T is  the  constant  abso- 
lute temperature.    This  heat  Q,  is  the  latent  heat    When  the 
water  is  evaporated  at  100"*  it  is  537  heat  units  per  kilc^ram. 
If,  then,  SD  =  BO  represents  the  volume  of  only  one  half  of  & 

537 
kilogram  of  steam,  Q  would  be  -g-  =  268.5  heat  units,  and  the 

heat  weight  imparted  is 

268.5       424  x  268.5 


AT  100  +  273 

Hence  to  form  from  water  at  0"",  in  the  manner  described, 
a  certain  volume  of  saturated  steam  of  r,  requires  the  heat 
weight 

c  ,  TO 

If  we  suppose  the  vaporization  had  taken  place  according  to 
the  law  represented  hj  AcC,  the  heat  weight  imparted  is  still 
the  same.  For  if  we  pass  through  B  an  adiabatic  ^lAi,  we 
have  for  the  heat  weight  from  ^  to  c  the  same  value  as  from  A 
to  By  and  from  ctoC  the  same  value  as  from  B  to  C.  If  far- 
ther, ACi  is  parallel  to  OX,  then  ACi  is  the  isothermal  for 
vaporization  at  O"*.  The  heat  weight  imparted  from  -A  to  CI 
must  be  equal  to  that  from  ^  to  J?,  or  ^  to  c 

IlACi  =  SDi  represents  a  volume  whose  weight  is  x^  kilo- 
grams, and  if  the  latent  heat  of  raporization  is  r^,  then  the  heat 
weight  imparted  from  Ato  Ciia 

^  X  273  • 
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We  have  then 


or 


clognat  2^-=^^. 

Since  c  is  known  and  Vi  can  be  fonnd  for  every  temperature, 
we  can  find  from  this  equation  x^  for  every  value  of  T. 


QUESTIONS  F03  EXAMINATION. 

What  Is  an  Isothcnnal  carve  f  What  Is  the  fona  of  this  carve  for  saturated  steam  ?  Define 
what  Is  meant  by  saturated  steam  r  What  effect  has  the  addition  of  beat  to  a  mixture  of  water 
and  Ktcam.  when  the  pressure  is  constant  ?  If  saturated  steam  is  compressed  while  the  tempera- 
tare  is  kept  constant,  what  happens?  What  is  the  expression  for  the  outer  work  during  iso- 
thermal expansion  r  What  for  the  beat  added  ?  What  does  u  denote  in  our  notation  ?  What  is 
specific  volume  of  steam  ? 

What  IS  an  isodynamic  curve  ?  Make  out  its  equation  for  steam.  Show  how  to  connmct  it. 
When  water  and  steam  expand  isodynamically  what  takes  place  ?  What  is  the  outer  work 
during  expansion  ?    What  is  the  heat  imparted  ? 

Wliat  is  an  adiabatic  curve  ?  Make  out  its  equation  for  steam.  Show  how  to  construct  it. 
In  adiabatic  expansion  of  saturated  steam,  if  there  is  no  water  at  the  beginning,  what  takes 
place  ?  If  there  is  more  steam  than  water,  what  takes  place  ?  Does  this  mean  more  by  volume  or 
by  weight  ?  If  there  is  more  water  than  steam,  what  takes  place  ?  In  adiabatic  compression,  if 
there  is  no  water  at  the  beginning,  what  takes  place  ?  If  the  initial  steam  weight  is  greater  than 
that  of  the  water,  what  takes  place  ?  If  there  is  more  water  tlian  steam,  what  takes  place  T 
What  Is  the  expression  for  the  outer  work  ?  What  for  the  heat  ?  What  is  the  form  of  the 
equation  for  the  adiabatic  curve  for  saturated  steam  ?  What  is  the  value  of  the  exponent  for 
dry  steam  alone  ?  What  for  0.90  per  cent,  steam  ?  For  0.80  per  cent  f  0.70  per  cent.  ?  What 
is  the  general  equation  which  gives  the  value  of  the  exponent  for  any  percentage  of  steam  ? 
What  does  the  indicator  diagram  seem  to  show  as  regards  the  adiabatic  curve  of  saturated 
steam  ?  What  is  the  expression  for  the  work  of  saturated  steam  expanding  adiabatically  f 
What  for  the  heat  ?  What  two  formulae  have  we  then  for  this  work  ?  Do  these  agree  in  their 
results? 

Can  you  prove  generally  that  in  every  reversible  cycle  process  the  product  of  the  highest 
and  lowest  absolute  temperatures  is  equal  to  the  product  of  the  intermediate  absolute  tempera- 
tures ?  What  do  you  underetand  by  heat  weight  ?  What  is  the  specific  heat  for  any  law  of 
relation  of  pressure  and  volume  ?  What  is  the  general  expression  for  the  heat  weight  ?  If  a 
body  passes  from  the  same  initial  condition  into  different  final  conditions  upon  the  same  adia- 
batic, what  is  the  relation  between  the  heat  weights  imparted  ?  In  every  revenible  cycle  process, 
what  is  the  algebraic  sum  of  the  heat  weights  ?  What  is  a  cycle  process  ?  When  is  it  reversible! 
When  simple  ?    When  compound  ?    When  complete  1    When  incomplete  ? 


CHAPTEE  XIX. 

OTHEB  OHANGES    OF    GOKDITION    OF    STEAM    AlO)    UQUID  lOXTUBES, 

OP  PRAOnOAL  mPOBTANCE. 

L  The  Deportment  of  Steam  avd  Liquid  Mixtures^  when  H&d  is 
Imparted  or  Abstracted  iinder  Constant  Votume. — Snppose  1  kilo- 
gram of  steam  and  liquid  inclosed  in  a  vessel,  of  which  x  kilo- 
grams are  steam  and  1  —  x  liquid.  The  temperature  of  the 
mixture  is  t  and  the  pressure  p.  The  specific  volume  v  of  the 
mixture  is  then 

Let  now  heat  be  imparted  or  abstracted.  The  temperature 
is  then  <i,  the  pressure  p^  and  the  specific  steam  quantity  is  a?i. 
For  the  final  specific  volume  we  have 

If  now,  the  volume  is  kept  constant  or  v  =  t?i, 

hence  the  weight  of  steam  at  the  end  of  the  operation  is 

aji  =  — oj  .    .    .    .    .    (XXXIV.) 

EXAMPLE, 

Suppose  we  have  in  a  vessel  a  mixture  of  G  kilograms  of  water  and  steam  of 
which  0.86^  are  steam,  and  0.2(t  water.  The  pressure  is  1.5  atmospheres.  What 
will  be  the  specific  steam  volume  x^  when  the  steam  has  lost  so  much  heat  that 
the  pressure  is  only  -^^th  of  an  atmosphere  ? 

448 
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For  U  atmospheies  u=   1.126  (Table  11.) 

"   A  "  «  =  14551, 

hence 

Xx  =    '     ^  X  0.8  =  0.0774  X  0.8  =  0.06192  kilograms. 

Hence  the  entire  steam  quantity  at  the  end  is  0.06196^  kilograms,  and  the 
water  quantity  is  (1 -0.0619)ff  =  0.9881  ff  kilograms.  There  is  then  0.8  — 
0.0619  =  0.7381 6^  kilograms  of  steam  condensed. 

What  is  the  amount  of  heat  Q  which  must  be  imparted  or 
abstracted  from  the  mixture  per  kilogram  ? 

Since,  in  this  case,  there  is  no  outer  work,  all  changes  affect 
only  the  inner  work  If  then  q  is  the  heat  of  the  liquid,  p  the 
inner  vaporization  heat  at  the  beginning,  and  qi  and  pi  at  the 
end, 

or 


=  5  —  ji  +  aw* 


S-§>  •  (^^^•) 


EXAMPLE. 


What  is  the  amonnt  of  heat  abstracted  in  the  preceding  example  ? 
For  1^  atmospheres 

q  =  112.41  ^  =  488. 

For  ftr  atmosphere 

q^  =  46.28  ^  =  87, 

Hence 

Q  =  112.41  -  46.28  +  0.8  x  1.12ft  (488  -  87)  =  66.18  +  0.9  x  896 

=  422  heat  nnits  per  kilogram. 

The  preceding  finds  application  in  the  condenser  of  a  steam 
engine.  Let  AB^  Fig.  78,  be  the  steam  cylinder,  C  the  piston,  EF 
the  condenser  communicating  with  A  J9  by  the  pipe  and  cock  D. 
In  steam  engines,  usually,  communication  of  the  cylinder  with 
the  condenser  is  opened  before  the  end  of  the  stroke.  Thus, 
for  example,  when  the  piston  is  at  (7,  and  still  going  up,  com- 
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DC 


munication  may  be  opened.     Immediately  the  hot  steam  of 
high  pressure  in  the  cylinder  mixes  with  the  colder  steam  of 

lower  pressure  in  the  condenser,  so  that  al- 
most at  once  there  is  a  medium  pressure  in 
both  vessels.  We  shall  see  presently  how  to 
calculate  this  medium  pressure.  Since  now 
the  condenser  is  kept  always  cool  either  by 
water  applied  on  the  outside  (surface  conden- 
sation), or  by  water  injected  (jet  condensation), 
this  mean  pressure  quickly  sinks,  owing  to 
the  abstraction  of  heat,  and  we  may  assume 
that  this  fall  of  pressure  takes  place  while  the 
piston  hovers  at  the  end  of  its  stroke.  Heat  is 
thus  abstracted  under  constant  voliime.  The 
steam  in  the  entire  space  (cylinder  and  con- 
denser) has  now  only  the  pressure  correspond- 
ing to  the  temperature  of  the  condenser,  and 
the  cylinder  sides  are  kept  hoi  This  was,  as  we  know,  the 
reason  which  led  Watt  to  employ  separate  condensation,  and 
it  constitutes,  indeed,  the  chief  value  of  his  discovery,  regarded 
from  an  economical  stand-poini 

The  question  arises,  how  many  kilograms  of  cooling  water 
are  necessary  for  each  kilogram  of  mixture  in  our  last  example, 
if  this  water  is  heated,  from  say,  t  =  15°  toti  =  35°  ?  We  have 
from  Equation  IL,  page  376,  for  the  heat  of  the  liquid  at  15", 
q'  =  15.005,  and  for  that  at  35°,  q"  =  35.037.  If  Qi  kilc^ams  of 
water  are  required  for  abstracting  the  422  G  heat  units,  we  have 


Fie.  TB. 


Gi  (35.037  - 15.005)  =  4220, 

and  hence  the  ratio  of  the  weight  of  cooling  water  to  that  of 
the  steam  is 


422 


422 


G^_ 

G  "  35.037  -  15.005  "  20.032 


=  21. 


Let  us  now  investigate  what  amount  of  heat  should  be 
imparted  to  a  mixture  of  steam  and  liquid  in  order  that  the 
pressure  and  temperature  may  rise  to  a  certain  point 

Let  the  initial  steam  weight  be  again  xG  kilograms,  the 
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water  weight  (1  —  a?)  (?  kilograms.  At  the  end  of  the  heat  ad- 
dition let  there  he  x^G  kilograms  of  steam,  and  (1  —  x^O  of 
liquid.  In  the  beginning  let  the  heat  of  the  liquid  be  q  and  the 
inner  latent  heat  p ;  at  the  end,  q^  and  Pi.  Then  we  have  for 
the  amount  of  heat  imparted,  for  each  kilogram 

Qz=iq^^  q^  uxi—  —  ^]  heat  units, 
or  for  G  kilograms 

Q  =\  q^-^  q  ^  ux  (—  —  -^"^  ]  (?heat  units. 

By  the  aid  of  this  formula  we  can  solve  a  question  of  great 
practical  interest,  viz. : 

In  what  time  vM  the  pressure  of  steam  in  a  boiler  rise  by  a  oer- 
tain  amount  (say,  to  doiMe  or  treble),  when  from  a  given  instarU  no 
more  steam  is  dratvn  off? 

Let  us  assume  that  there  are  Qm,  heat  units  imparted  every 
minute  to  the  boiler,  and  that  at  the  moment  of  closing  the 
valve,  there  are  xO  kilograms  of  steam,  and  after  Z  minutes 
there  are  x^G  kilograms ;  the  initial  pressure  beings,  and  that 
after  Z  minutes  ^i*  Since  in  Z  minutes  ZQ^  heat  units  are  im- 
parted, we  have 

^      ZQrn^Qx,    or    ^=-^- 
If  in  place  of  ft  we  insert  the  value  above,  we  have 


Z= 


£['.-*--(-:-?)]• 


This  expression  may  be  simplified.    From  page  449, 

G  1 

^=  -^(?i-?+/>iiri--/w)=-^[(yi-g)  ff  +  (A^-pa?)0] 

(XXXVI.) 

Now,  (ijy  -  q)  G  is  the  excess  of  the  sensible  heat  over  that 
at  the  beginning,  and  {p\Xx  —  pa?)  O  is  the  excess  of  the  inner 
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latent  heai  Since,  however,  pi  and  p  differ  by  less  than  q^  and 
9,  and  the  steam  weights  x  and  a>i  are  very  small  compared  to 
the  entire  weight  0  of  water  and  steam,  especially  when  we 
remember  that  the  boiler  is  about  f  ds  full  of  water,  we  can 
neglect  {fhOOi  —  px)0  in  comparison  with  (ji  —  q)  (?,  and  then 

Z=^{q^-q)   .     .     .     (XXXYTL) 

If  c  is  the  mean  specific  heat  of  water,  and  ti  and  i  the  initial 
and  final  temperatures,  we  have  very  nearly 

Z='^{ti-t)c.    .    .    (XXXVUL) 

This  very  simple  expression  shows,  that  the  time  in  which 
the  pressure  or  temperature  of  the  steam  in  the  boiler  rises  by 
a  certain  amount  is  proportional  to  the  weight  of  the  water,  or 
capacity  of  the  boiler,  as  well  as  to  the  di^erence  of  tempera- 
ture, and  inversely  proportional  to  the  heat  (Qm)  imparted 

This  is  in  fact  evident,  for  it  is  clear  that  the  time  within 
which  the  temperature  rises  a  certain  amount  must  be  greater 
the  greater  the  weight  of  the  entire  mixture,  and  that  for  this 
rise  of  temperature  less  time  will  be  required  the  more  heat  is 
imparted  in  a  unit  of  time. 

The  heat  imparted  to  a  given  mass  of  water  in  a  unit  of  time 
depends,  however,  also  upon  the  extent  of  heating  surface, 
as  well  as  upon  the  intensity  of  the  heating.  The  first  consists, 
in  every  boiler,  of  two  parts,  the  direct  and  indirect  heating 
surface.  The  direct  heating  surface  is  that  directly  in  contact 
with  the  fire,  the  indirect  is  that  in  contact  with  the  heated 
gases.  Boilers  which  are  required  to  generate  steam  quickly, 
and  yet  not  hold  much  water,  such  as  locomotive  boilers,  etc., 
possess  a  relatively  great  direct  heating  surface.  The  same 
weight  of  water  thus  receives  in  the  same  time  a  much  greater 
amount  of  heat  than  in  boilers  where  the  direct  heating  snr&ce 
is  small  in  comparison  to  the  indirect,  and  which  are  therefore 
larger  and  contain  more  water,  as  in  stationary  engines.  In  a 
locomoiive  boiler,  therefore,  the .  steam  pressure  rises  much 
quicker  than  in  that  of  a  stationary  engine. 

We  may  illustrate  the  preceding  by  an  example. 
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EXAMPLE. 

The  heatmg  snr&ce  of  a  cylindrical  steam  boiler  is  18  square  meters  (accord- 
ing to  Zeuner,  it  is  about  15  H.  P.).  The  contents  are  11  cubic  meters,  of  which 
0.6  are  water  and  the  rest  steam.  When  the  engine  is  in  ordinary  action,  the 
boiler  generates  every  hour  26  kilograms  of  steam  for  every  square  meter  of  heat- 
ing surface,  of  5  atmospheres  pressure.  In  how  many  minutes  wi]l  the  pressure 
rise  to  10  atmospheres  ? 
First  we  have  for  the  steam  weight  generated  per  minute, 

— ^ —  =  7.5  kilograms. 

If  this  steam  is  generated  from  water  at  15°,  we  can  easily  calculate  the  heat 
units  necessary  for  its  generation. 

Since  in  the  present  case  (when  the  machine  is  in  motion)  the  heat  has  to 
perform  outer  work  as  well  as  inner,  we  have  for  the  total  heat  which  must  be 
imparted  in  order  to  raise  1  kilogram  of  water  at  t  degrees  into  1  kilogram  of 
steam  at  i^  degrees, 

In  our  case  *,  =  152.3,  q^  =  153.74,  q  =  15.005,  p  =  454.99,  and  Apu  =  44.19. 
Hence 

Tr=  158.74  -15.005  +  464.99  +  44.19  =  687.92  heat  unitB. 
For  7.5  kilograms,  therefore,  we  must  have 

7.5  X  687.92  =  4784.5  heat  units. 

This  is  then  the  heat  imparted  per  minute  to  the  water.  It  represents  Qm  in 
Equation  XXXVI.  Since,  further,  the  contents  of  the  water  space  is  0.6  x  11 
=  6.6,  the  water  weight  is  =  6600  kilograms.  The  steam  weight  can  be  disre- 
garded, and  we  have  thus  G  =  6600  kilograms.  If  now  we  take  o  =  1.022,  we 
have  ' 

Z  =  -^^  (180.81  -  152.22)  x  1.022, 

where  180.81  is  the  temperature  of  the  water  at  10,  and  152.22  that  at  5  atmos- 
pheres.   We  have,  therefore, 

Z  —  89.71  minutes. 

If  we  assume  that  a  locomotive  boiler  furnishes  in  the  same  time  8.8  times  as 
much  steam,  which  is  in  general  not  far  from  correct,  the  time  in, raising  the 
pressure  from  5  to  10  atmospheres  is  only 

-^^  =  12  minutes. 

o.o 
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Fairbaim  fonnd  the  time  required  to  raise  the  water  of  a 
locomotiye  boiler  from  ^  to  fi,  to  be  given  by  the  empirical  for- 
mnla 

Z=0.405(^-0, 

where  Z  is  the  number  of  minutes.  If  we  take  ^  =  180.31  and 
t  =  152.22,  we  have 

Z  =  0.405  X  2a09  =  1L38  minutes, 

which  agrees  well  with  our  result 

We  should  bear  in  mind,  that  the  steam  pressure  increases 
in  a  much  more  rapid  ratio  than  the  temperature,  and  hence 
in  a  boiler  with  high  pressure  less  time  is  necessary  for  a  cer- 
tain increase  than  in  a  boiler  with  low  pressure.  Thus,  for  in- 
stance, let  us  suppose  the  normal  pressure  in  the  preceding 
example  to  be  9  instead  of  5  atmospheres,  and  then  see  how 
many  minutes  (Z)  are  necessary  for  a  rise  of  5  atmospheres, 
from  9  to  14   We  have  now  for  ^,  195.53,  and  t  =  17a02 ;  hence 

^=  _|^  (195.53  -  17a02)  X  1.022  =  247  minutes, 

or  much  less  time  than  in  the  first  case.  In  order  to  conclude, 
theref6re,  whether  the  empirical  formula  of  Fairbaim,  applied 
to  locomotives,  gives  results  in  accord  with  our  f6rmula,  we 
must  know  for  what  mean  pressures  it  is  made  out. 

It  is  also  easy  to  see  from  our  tables  that  an  increase  of 
pressure  of  double,  treble,  etc.,  takes  place  in  a  shorter  time 
for  low  pressures  than  for  high. 

The  preceding  calculations  show  that  the  time  in  which  the 
pressure  in  the  boiler  of  a  stationary  engine  increases  to  double 
or  treble  when  the  steam  pipe  is  closed,  and  the  steam  genera- 
tion is  as  when  in  use,  is  tolerably  great,  even  when  heat  is  im- 
parted as  during  ordinary  action  of  the  engine.  If,  when  the 
engine  is  not  in  action,  the  fire  is  left  to  itself  and  only  fed 
enough  to  keep  it  going,  the  time  will  be  much  greater.  In 
stationary  engines,  then,  there  is  less  danger  of  explosion  from 
this  cause.    In  locomotives  and  such  boilers,  which  have  a 
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Isi^  and  direct  heating  snrface,  and  the  Gxe  is  kept  np  foil, 
the  danger  is  greater. 

Mixture  ef  Steam  QvarUUiea  when  in  Different  CondiUons. — In 
the  preceding  we  have  considered  the  change 
of  condition  of  a  mixture  of  ateam  and  liqnid, 
under  constant  volnme.  Lei  us  now  consider 
two  vessels  containing  a  mixture  of  the  same 
kind,  but  having  in  each  a  different  temperatare,  I 

pressure,  etc. 

Let  A  have  the  volume  V,  and  B  the  volume 
Ff  Both  vessels  are  connected  by  the  cock  a. 
In  the  first  we  have  x6  kili^ams  of  steam  of 
the  temperature  t  and  pressure  p ;  in  the  sec- 
ond, X,  Gi  kilograms  of  steam  of  the  temperature 
ti  and  pressure  pi.  The  water  in  ^  is  then 
{l—x)G,  and  in  B  (1— a^)^!  kUc^ama    As 

soon  as  the  cock  a  is  opened  the  steam  in  the    ~- 

vessels  mixes,  and   it  is  required  to  find  the  "'  ^' 

final  condition  after  mixture,  when  heat  is  neither  added  nor 
taken  awaj. 

We  have 

V={xu  +  a)G    and     T,  =  (jtiMi  +  ff)  ff,. 

After  opening  the  cock,  the  total  volume  is 

F,  =  r+  r.  =  (xt^  +  ff){Q+  (?,), 

where  x^  is  the  specific  steam  quantity  after  mixture. 
Hence 

{xu+  a)  Q  +  (XiUi  +  ff)  (?i  =  (xtUt  +  (t)  ((?  +  G,), 

or,  after  reducing 

iG+ G,)xtv,=  Oxu+GiXiU,.    .     fXXXIX.) 

In  general,  O,  may  be  expressed  in  terms  of  G,  so  that 
Gi  =  nG.     We  have  then 

(1  +  n)  XtVi  =  aru  +  nir,tti     ....     (XL.) 
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We  have  in  this  equation  two  unknown  quantities,  x^  and  u^ 
We  must  establish  another  equation  between  thenu 

Let  the  heat  of  the  liquid  in  ^  be  9,  and  in  By  q^^  and  the 
inner  latent  heats  p  and  Pi.  Then  the  amount  of  heat,  measured 
in  heat  units,  in  the  first  vessel  is 

and  in  the  second 

After  mingling,  let  the  heat  of  the  liquid  be  q^,  and  the  inner 
latent  heat  be  /v    Then  1  kilogram  of  the  mixture  contains 

Qi  +  (XhtP2  heat  units. 

Since,  now,  we  had  in  A,  O,  and  in  B,  Oi  kilograms  of  water 
and  steam,  we  have  still  the  same  total  amount,  and  hence  the 
heat  contained  by  the  total  mixture  is 

{O  ■¥  Oi)  {qst  +  os^Pj)  heat  units. 
Since  heat  is  neither  added  nor  abstracted,  we  must  have 

{O  +  O^  (ft  +  aJjjPs)  =  (g  +  xp)  G  +  (ft  +  ahPi)  Gx. 
or,  putting  Oi^nO^ 

(1  +  n)  {qst  +  a^pi)  =  g  +  a;p  +  (ft  +  ojiA)  n. 


Hence 


^  1  +  n 


Since  all  the  quantities  on  the  right  are  known,  we  can  pnt 
the  expression  on  the  right,  for  the  sake  of  brevity,  equal  to  j), 
and  thus  have 

ft  +  ^fh  =  p. 
Further,  from  Equation  XL., 


XiV^ 


1  +  w 
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or,  denoting  the  expression  on  the  right  by  pi 

x,^^, (XLL) 

hence 

ft  +  ^Pi  =  p>    .     .    .    (XLIL) 

From  Table  IL  we  can  find,  by  trial,  the  values  of  ft  ^^d 
—   in  order  that  q^  +  —p.=p.     As  soon  as  qz  and  —  are 

known  we  can  find  at  once  the  pressure  p^  and  temperature  ^2  of 
the  specific  steam  weight  X29  that  is,  we  can  find  the  condition 
of  the  mixture  after  the  cock  is  opened.  Ail  example  will 
make  the  use  of  the  formula  clear. 


In  the  cylinder  A  we  have  G  kilograms  of  pure  saturated  steam  at  1.5  atmos- 
pheres, and  in  ^,  6^t  =  24.880(7  kilograms  of  water  and  steam  of  i^j  atmosphere, 
of  which  0.0095  kilograms  are  steam.  What  is  the  condition  of  the  mixture  after 
the  cock  is  opened  ? 

For  the  pressure  1.5  atmospheres,  we  have  Jbom  Table  U,,  q  =  112.41, 
p  =  487.01,  and  t*  =  1.126. 

For  the  pressure  0.1  atmosphere  we  hare 

qi  =  46.28,    pi  =  538.85,  and  «,  =  14.55, 
Also  n  =  24.88,  and  Xi  =  0.0095.    Hence 

1.126  4-  2488  X  0.0095  x  14.55      1.126  +  8.876 


«t«.  -i»i  -                    1  ^  3438 

25.38        -"•^' 

« 

Also 

■ 

112.41  +  487.01  4-  (41.28  +  0.0095 

X  588.85)  X  24.88 

q^  1  a?f  P«  -                                    1  +  24.38 

=  72.99  =i?. 

Accordingly, 

ffa  +  —  X  0.177  =  72.99. 

Now  from  Table  II.,  after  a  few  trials,  we  hit  upon  q^  =  60.59,  for  which 
—  =  70,  and  these  substituted  give 

60.59  +  70  X  0.177  =  60.59  +  12.89  =  72.98, 
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a  Yftlue  almost  exactly  equal  to  72.99.  The  heat  of  the  liquid  (9,)  after  the 
mingling,  is  then  A).  59  heat  units.  Hence,  Jbom  the  table,  the  temperatore  t^ 
is  60.4°,  and  the  pressure  pt  is  0.2  atmosphere.  Since  for  this  pressure  u, =7.542, 
we  have  from  XLI.,  for  the  steam  weight  in  each  kilogram 

x,=  ^  =  5;J2=  0.0284  kilograms. 

« 

Before  the  mingling,  we  had  in  J.,  G  kilograms  of  steam  and  no  water,  and 
in^,  a;, 6^,  =0.0095  X  24. 88 6"  =  0.2816 6"  kUograms  steam  and  (1-0.0085) 
24.886^  =  24.1486^  kUograms  of  water. 

In  both  vessels,  then,  the  total  steam  quantity  was 

(1  +  0.2316)(7  =  1.23166"  kilograms. 
After  mingling,  the  steam  weight  is 

,  x^G  H-  XtG^  =  Xj,G{l  H-  24.88)  =  G"  x  25.88  x  0.0234  =  0.596^  kUogiams. 

Hence 

(1.2316  -  0.596)6'  =  0.68566"  kilograms 

of  steam  haye  been  condensed. 

We  can  also  find  the  ratio  of  the  yolumes  of  the  two  vessels.  If  the  volome 
of  ^  is  Fand  of  ^  is  Fi ,  we  have 

F  :  Fi  =  6^(a?M H-  (J)  :  Gx  (a;,«,  +  d)    .    .    .    (XLIII.) 
=  a?w  +  <J  :  24.88  (XiU,  +  d) 
=  1.127  :  8.888 
=  1  to  8  very  nearly. 

The  preceding,  together  with  what  has  been  said  on  page  448 
and  the  following,  forms  the  basis  of  the  theory  of  the  con- 
denser. We  have  already  referred  to  the  action  of  this  appa- 
ratus. We  noticed  that  the  cylinder  was  put  in  communicatioii 
with  the  condenser,  when  the  piston  is  near  the  end  of  its 
stroke.  We  have,  then,  a  sudden  mixing  of  the  hot  and  high 
pressure  cylinder  steam  with  the  colder  and  lower  pressure 
condenser  steam.  The  above  calculation  includes  this  case. 
It  shows  how,  from  the  pressure  of  the  cylinder  steam  and  the 
condenser  steam,  we  can  find  the  mean  pressure  of  the  steam 
in  both  vessels.  This  pressure  then  falls  rapidly  down  to  that 
of  the  condenser,  by  reason  of  the  cooling  produced  by  the  jet 
or  by  the  surrounding  water.  The  calculations  in  the  first 
part  of  this  chapter,  then,  enable  us  to  calculate  the  heat  thus 
abstracted,  under  constant  volume. 
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If  the  condenser  is  fitted  with  a  gauge,  we  should  see,  at  the 
moment  of  communication  with  the  cylinder,  a  sudden  rise  of 
pressure,  lasting  but  for  an  instant,  and  then  a  quick  return  to 
the  condenser  pressure. 

It  will  now  be  easy  to  give  a  complete  theory  of  the  con- 
denser. There  are  two  kinds  in  use.  The  first  presents  a 
very  great  surface  which  is  continually  in  contact  with  water, 
so  that  it  is  kept  cool.  The  steam  is  condensed  without  coming 
into  direct  contact  with  the  water.  This  is  called  the  surface 
condenser.  The  other  consists  of  a  vessel,  not  only  sur- 
rounded by  cold  water,  but  into  which  cold  water  is  injected. 
The  steam  is  thus  condensed  by  direct  contact  and  mixture 
with  the  water.  It  is*  called  the  jet  condenser.  In  the  first,  we 
have  only  to  cause  a  circulation  of  water  by  means  of  a  pump, 
and  by  means  of  another  pump  to  restore  the  condensed  steam 
to  the  boiler,  and  if  there  is  no  loss  by  leakage  of  steam,  we 
have  a  complete  cycle  process.  In  the  jet  condenser,  we  have 
not  only  to  remove  the  condensed  steam  but  also  the  water  in- 
jected. Since  this  is  in  weight  sometimes  more  than  20  times 
that  of  the  steam,  the  pump  must  be  much  greater  than  for 
the  surface  condenser.  The  injection  water  also  contains  air, 
which  must  also  be  removed  by  the  pump.  For  this  reason  it 
was  called  by  "Watt  the  "  air  pump." 


QUESTIONS  FOB  EXAMINATION. 

If  heat  l8  imparted  to  or  abstracted  from  a  mixture  of  steam  and  water,  the  volume  of  which 
remains  constant,  wliat  is  the  new  weight  of  steam  ?  What  is  the  heat  Imparted  or  abstracted  ? 
What  amount  of  heat  should  be  imparted  to  a  mixtm«  of  steam  and  water  in  order  that  the 
pressure  and  temperature  may  rise  to  a  certain  point  ?  In  what  time  will  the  pressure  of  steam 
in  a  boiler  rise  by  a  certain  amount,  when  no  more  steam  is  drawn  off  ?  If  in  two  vessels  com- 
municating by  a  cock,  we  have  mixtares  of  steam  and  water  of  given  pressure,  show  how  to  find 
the  condition  of  the  mixture  after  the  cock  is  opened. 


CHAPTEE  X3L 


THEOBY  OF  THE  CONDENSEB. 


A.  Theoby  op  the  Subfaoe  Oondenseb. 


When  the  piston  K  has  reached  the  upper  end  of  its  stroke, 
the  slide  8  has  opened  the  port  o,  and  the  steam  escapes  into 

the  condenser  CD\  at  this  moment, 
therefore,  the  cylinder  steam  mixes 
with  the  low  steam  in  the  condenser. 
The  pressure  in  both  spaces  may  thus 
rise  to  double  the  ordinary  pressure 
in  CD.  We  can  calculate  it  as  in  the 
preceding  chapter.  But  now,  while 
the  piston  lingers  at  the  end  of  its 
stroke,  the  pressure  falls  by  reason  of 
the  cooling  effect  of  the  condenser. 
Heat  is  abstracted  under  constant  vol- 
ume, and  we  can  find  the  final  condi- 
tion, as  well  as  the  heat  abstracted, 
from  Equation  XXXV.  Then  the  pis- 
ton K  descends,  and  drives  the  steam 
in  the  cylinder,  now  at  the  condenser 
pressure,  under  that  pressure,  into  the 
condenser.  Here,  then,  we  have  mechanical  work  under  con- 
stant pressure.  This  work  is  transformed  into  heat,  and  this 
heat  is  also  absorbed  by  the  condenser. 
We  see,  therefore,  that  in  every  stroke  there  are  three  stages : 
1st.  Mixture  of  cylinder  with  condenser  steam,  and  the  at- 
tainment of  a  mean  pressure. 

2d.  Lowering  of  this  pressure  by  cooling  under  constant 
volume. 

460 
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3d.  Abstraction  of  heat  tinder  constant  temperature,  while 
the  low  cylinder  steam  is  forced  into  the  condenser. 

If,  therefore,  we  suppose  in  the  cylinder  AB^  before  opening 
of  the  port,  0  kilograms  of  steam  and  water,  we  have,  in  each 
kilogram  of  the  mixture,  x  kilograms  of  steam  and  1  —  x  kilo- 
grams of  water.  The  steam  quantity  in  AB  is  then  xG  kilo- 
grams, and  the  water  quantity  (1  — '  x)  O  kilograms. 

If  we  had  only  pure  saturated  steam,  we  should  have  cc  =  1, 
and  the  steam  quantity  in  the  cylinder  would  be  O  kilograms. 

Suppose  we  have  in  the  condenser  (7-D,  before  the  mingling, 
G\  kilograms  of  steam  and  water,  and  in  every  kilogram  of  the 
mixture  Xi  kilograms  of  steam  and  1  —  0%  of  water.  The  steam 
weight  in  the  condenser  is  then  x^Oi^  and  the  water  weight 
{l-x,)0^. 

As  soon,  now,  as  we  know  the  pressure  of  the  steam  in  the 
cylinder  and  in  the  condenser,  we  can  find,  according  to  the  pre- 
ceding chapter,  the  condition  of  the  steam  in  both  spaces  after 
the  port  is  opened.    We  have 

and 

If,  as  before,  we  denote  the  fraction  on  the  right  in  the  first 
equation  by  jti,  and  in  the  second  byjp,  we  have 

oo^Uu^Pi,    or    0^2  =  ^9 
and 

and  thus,  by  a  few  trials  with  the  table,  can  find  qz  and  the 
pressure  pz  and  the  temperature  t^  of  the  mixture  directly  the 
port  is  opened.  This  pressure  p^  is,  of  course,  greater  than  pi 
and  less  than  p. 

Heat  now  is  abstracted  from  the  mixture,  until  the  pressure 
sinks  from  j!^  to  ^.  In  order  to  find  this  heat  we  have  Equa- 
tion XXXV- 
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In  order  to  impart  to  1  kilogram  of  steam  and  water,  of  wliich 
X  kilograms  are  steam,  whose  temperature  is  t  and  pressure  j>, 
a  pressure  pi  and  temperature  ^,  we  must  add  a  quantity  of 
heat  (or  subtract)  equal  to 

^  =  2  -  ?i  +  P^  -  A^J, 
or  • 

If  we  have  in  the  beginning  O  +  Gi  kilograms,  at  the  press- 
ure Pi  and  temperature  ^  the  steam  weight  per  kilogram  being 
x^  and,  by  abstracting  heat,  reduce  the  pressure  to  ^  and  the 
temperature  to  ^  then  we  have 

or 

Qi  =  (?2  +  ^/^)  {G  +  GO  -  (gi  +  x^u,^"^  (G  +  G,). 

If,  as  on  the  preceding  page,  we  put 

(ft  +  <»iP»)  {G  +  Gi)  =  (q  +  xp)0  +  (ji  +  xipi)  Gu 
and 

* 

Xitit{G  +  Gi)  —  Gxu  +  GiXiUu 
we  have,  after  reduwiig 

The  difference  — ^  denotes  the  excess  of  inner  latent 

u        Ui 

heat  of  1  cubic  meter  of  steam  in  the  cylinder  AB  before  the 
port  is  opened,  above  that  possessed  by  1  cubic  meter  of  steam 

in  the  condenser.    The  product  xui^  —  —)G  is,  therefore, 

the  excess  of  the  inner  latent  heat  possessed  by  the  enlArt  steam 
volume  in  the  cylinder,  before  the  port  is  opened,  over  that  in 
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the  condenser.  In  like  manner,  {q  —  q^  G  is  the  excess  of  sen- 
sible heat  of  the  mixture  in  AB  over  that  in  the  condenser.  In 
other  words,  the  entire  expression  on  the  right  gives  the  ex- 
cess of  heat  in  the  mixture  in  AB  before  the  port  is  opened 
over  that  in  CD.  The  heat  quantity,  therefore,  which  must  be 
abstracted,  after  the  mingling,  from  the  entire  contents  of  both 
vessels,  in  order  that  the  pressure  ^  may  sink  to  the  condenser 
pressure  ^,  is  equal  to  that  which  would  have  to  be  withdrawn 
from  the  contents  of  AB  before  the  mingling,  in  order  to  re- 
duce the  pressure  from  p  to  px.  This  is,  in  fact,  evident,  for  if 
we  first  abstracted  this  heat  from  the  mixture  in  AB  and  then 
opened  communication  with  the  condenser,  the  final  condition 
would  remain  unchanged.  The  course  which  we  have  followed, 
however,  corresponds  perfectly  to  the  actual  changes  which 
take  place,  and  explains  why  we  have,  at  each  stroke  of  the 
piston,  sudden  variations  in  the  condenser  gauge. 

We  come  now  to  the  third  part  of  the  process,  the  abstrac- 
tion of  heat  under  constant  temperature,  while  the  now  low 
pressure  steam  in  the  cylinder  is  driven  out  under  constant 
pressure  into  the  condenser. 

The  volume  of  the  cylinder  AB  is 

O  {xu  +  <t)  cubic  meters, 

or  if  (T  is  very  small  in  comparison  to  xu^ 

Oxtt. 

The  inner  latent  heat  in  every  cubic  meter  of  steam  after  the 
TniTiglipg  is  — ;  in  Ooim  cubic  meters  we  have  then 

Gxu^. 

• 
This  heat  must  be  abstracted.  If  we  suppose  the  piston  K 
to  have  an  area  of  1  square  meter,  the  distance  through  which 
it  must  go  is  Oxu  meters.  In  forcing  the  steam  then  under 
constant  pressure  pi  into  the  condenser,  the  work  performed  is 
Oxupif  and  this  corresponds  to  the  heat  A  Qxupi. 
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Hence  in  this  third  period  we  must  abstract 

Ca  =  Chy,  —  +  OxuApi  =  Gxu  (—  +  Api)  heat  units. 

The  total  heat  abstracted  is  then 

This  formnla  can  be  simplified.  If  we  suppose  at  first  only 
pore  saturated  steam  without  water,  x=l^  also  Api  is  veiy 
small  and  may  be  neglected,  and  then  we  have 

Since  g  +  p  is  the  *'  steam  heat "  J,  we  have  also 

For  low  temperatures  we  can  assume  that  qt  is  equal  to  the 
temperature.  If,  then,  instead  of  qi  we  insert  the  temperature 
of  the  condensed  steam,  or  generally  the  mean  temperature  of 
the  condenser,  ^i,  we  have 

Qz=:  (J—  ti)  G  heat  units. 

If  we  assume  that  we  require  for  condensing  the  steam,  n 
times  as  much  cold  water  as  steam,  and  if  the  temperature  of 
this  water  is  raised  from  (q  to  ti  degrees,  where  ti'  is  always  less 
than  ti,  then  the  heat  absorbed  by  the  water  is,  provided  that 
we  again  put  the  temperature  in  place  of  the  heat  of  the  liquid, 

nG(t,'-to).  • 

We  have,  therefore, 

nG{t^-U)^{J-h)G, 


or 


n  =  ^^ (XLV.) 

As  the  steam  lieat  J  for  those  temperattires  which  occur  in 
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the  steam  engine  varies  but  little  (it  yaries  hardly  23  heat 
units  between  IW  and  200°),  we  may  take  a  mean  value  for  it 
Taking  then,  J  =  600,  we  have  the  practical  formula 

^  ^  600  ^t, (XLVI.) 


How  much  more  water  than  steam  must  be  used  in  a  surface  condenser,  when 
the  water  enters  with  a  temperature  ^o  =■  l^"*  <uid  departs  with  ti  =  85",  the 
mean  temperature  of  the  condenser  being  t^  =  46.3%  which  corresponds  to  a 
pressure  of  -^  atmosphere  ? 

We  have  * 

600  -  46.2       658.8      «^  ^  ^.  , 

*>  =  — o5 — 5T—  =  ~cxr.  -  =27.7  times  as  much, 
oo  —  10  »0 

If  the  steam  used  per  stroke  is  0.15  kilograms,  the  water  quantity  is 

0.15  X  27.7  =  4.155  kilograms 

per  stroke,  or  since  1  kilogram  of  water  occupies  a  space  of  j^  cubic  meters, 

4.155  X  tdVit  =  0.00416  cubic  meters. 

B.  Theobt  of  the  Jet  Cokbenseb. 

Let  A  be  the  steam  cylinder  with  the  piston  KK.  The 
mixture  of  steam  and  water  in  it  weighs  G  kilograms.  In 
every  kilogram  of  this  mixture  there  are  x  kilograms  of 
steam  and  1  —  a;  of  water.  The  temperature  is  t^  and  the 
pressure  isjp. 

B  is  the  condenser.  In  this  we  have  Gi  kilograms,  of  the 
pressure  pi  and  temperature  ^i,  and  each  kilogram  contains  Xi 
kilograms  of  steam. 

Finally,  (7  is  a  vessel  filled  with  cold  water  at  the  tempera- 
ture to,  It  holds  just  as  much  water  as  is  necessary  to  con- 
dense the  steam  used  per  stroke,  viz.,  Gq  kilograms.  Upon  the 
surface  of  the  water  is  a  piston  which  is  pressed  by  the  atmos- 
phere po. 

Both  A  and  G  communicate  with  the  condenser  by  cocks  a 
30 
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and  h.  Let  both  these  be  simnltaneotialj  open.  The  ooDtente 
of  A  and  C  suddenly  mingle,  and  the  cold  water  injected 
re^noes  the  pressnre  in  both  A 
and  S  to  the  mean  presanie  of 
the  condenser  pi.  The  piston 
KK,  aa  well  as  that  in  C,  nor 
descends.  Wh&aKK  reaches  the 
end  of  its  stroke,  so  has  the  pis- 
ton in  C,  and  all  the  water  has 
entered  the  condenser,  and  all 
the  steam  has  been  condensed. 
The  total  heat  in  J.  is 

{q  +  xp)  G, 
and  in  B, 

(?1  +  3iPl)  Gu 
and  in  C, 
"»■"■  q^Go. 

Hence  the  heat  in  all  three  vessels  is 

({  +  xp)G  +  (3,  +  a!iA)  ff,  +  go(?o. 

After  the  mixture,  all  the  steam  and  water  is  in  the  con- 
denser, and  we  have  there  a  mixture  of  steam  and  water  weigh- 
ing 

G  +  Gi+  Gt  kilograms. 

In  each  kilogram  of  this  mixture  there  is  much  more  water, 
and  hence  much  less  steam,  than  before  a  was  opened  there 
was  in  A  and  B.  Let  the  steam  weight  in  each  kilc^ram  be 
Xi',  then  X,'  is  less  than  Xi,  and  we  have  in  the  G  +  Gt  +  Gt 
kilograms 

Xi'  (O  +  Gi  +  Co)  kil(^ftma  of  steam, 

the  pressure  of  which  iapi  and  temperature  ti.    Since  the  heat 
of  the  liquid  is  qi,  and  the  inner  latent  heat  Ai  the  heat  in  tlie 

(qi  +  x,-p,)(G  +  G,+  G,),^ 
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or,  denoting  O  -\-  Ox -{■  G^hj  M^ 

(?i  +  ^Pi)  -3f  heat  nnita 

This  is  not  all  the  heat  in  the  condenser.   , 

While  the  piston  KK  moves  down,  it  oyeroomes  the  constant 
pressure^  through  a  certain  distance,  and  therefore  performs 
mechanical  work  in  compressing  the  steam.  This  work  gen- 
erates heai    Since  the  cylinder  volume  is 

{xu  ■{■  a)  O  cubic  meters, 

the  work  performed  is 

(xu  +  (t)  Opu 
or,  neglecting  or, 

omGpi. 

The  heat  equivalent  to  this  work  is 

ApiXuG. 

Mechanical  work  is  also  performed  bj  the  descent  of  the 
piston  in  C.  If  we  denote,  as  always,  the  volume  of  1  kilogram 
of  water  by  (T,  then  since  the  atmospheric  pressure  is  po,  the 
work  performed  is 

Go(^Pof 
and  the  heat  equivalent  is 

A  Oo(TpQ  heat  units. 

The  increase  of  heat  due  to  these  two  causes  is  therefore 

ApiXuO  +  AOo<Tpo^ 

If  we  add  this  heat  to  that  which  existed  before  the  mingling, 
in  the  three  vessels,  we  have  the  heat  in  the  condenser.  Hence, 

{q  +  xp)0  +  (qt+XiPi)Oi  +  G(qo-^^(OpiXU+OQffpo)={qi'^XiPi)M. 
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Now,  as  a  matter  of  fact,  the  heat  due  to  the  work  performed 
is  very  small,  so  that  we  can  still  have 

{q  +  xp)0  +  (qi  +  a^Pi)  <?i  +  qo^o  =  (?i  +  Xj!pi)  M. 

Since  now  (ji  +  Xi'Pi)M=  qi{(r  +  Oi+  Gq)  +  x^fhM^  we  have, 
after  reduction, 

(q - ?i+  xp)Q'  +  ^iPiOi  - xif^M^  {qi - q^O^ 
Here  x^  is  unknown,  but  it  can  be  easily  proved  that  XiPxOi  = 

Before  the  mingling,  the  volume  v  of  1  kilogram  of  mixture 
in  the  condenser  was 

and  since  there  were  Ox  kilograms,  the  volume  (Fi)  in  the  con- 
denser was 

Vi  =  Ox  {XiUi  +  <y). 

After  the  mingling,  the  volume  of  1  kilogram  is 

V  =  x^Ui  +  <r. 

Since  the  pressure  and  temperature  are  the  same,  2^i  is  the 
same.  But  after  the  mingling,  there  are  if  kilograms  of  steam 
and  water  in  the  condenser,  and  hence  the  volume  is 

Fi=  M{XxUi  +  <y). 
Hence, 

Oi  {xxUi  +  (t)  =  M{xx'ui  +  ^)  or  Oi(Ci  =  Mx^. 

The  product  OiO^i  is  the  steam  weight  in  the  condenser  at  the 
beginning,  and  Ma\^  that  at  tlie  end.  As,  then,  this  steam  weight 
is  constant,  all  the  steam  in  the  cylinder  must  be  condensed. 
Since  now 

XiOi  =  a^M^  we  have  also 

XxpxGi  =  Oh'fhMj 
and  hence  the  equation  above  becomes 

to  +  ?o)  G^o  =  (?  -  ?i  +  ^P)  <?. 
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We  have,  therefore,  the  water  reqtiired  for  condensation 

If  we  make  here  a?  =  1,  and  put  f or  ^  +  p  the  steam  heat  J^ 
and  for  q^  and  ^o  the  temperatures  ^  and  ^  we  have 


or  if  Go  =  nG 


I 

n=i^     ....     (XLVrCL) 


This  equation  differs  from  XLY.  in  that  ^  in  the  denomina- 
tor is  the  temperature  of  the  condenser  water,  while  in  XLV. 
t^  is  the  temperature  of  the  heated  condensing  water,  which  is 
always  less  than  that  of  the  water  of  condensation.  Since  here 
also  «/=:  600  about,  we  have 


^  =  600^ (XLIX.) 


EXAMPLE. 

A  high  pressaie  steam  engine  using  steam  of  5  atmospheres  has  a  condenser 
in  which  the  average  pressure  is  0.1  atmosphere.  The  cooling  water  has  a  tem- 
perature of  18°.    How  much  more  water  than  steam  must  be  used  ? 

For  iV  atmosphere,  t^  =  46**,  hence 

600-46      654     ^^..  , 

n  =  -Yo — To  =  -So-  =  20  tmies  as  much. 

40  —  lo        AO 


If  then  the  steam  used  per  stroke  is  0.12  kilograms,  we  have  per  stroke 

iooo 


240 
20  X  0.12  =  2.40  kilograms  of  water  necessary,  or  -^^^  =  0.0024  cubic  meters. 


We  have  already  noticed  the  fact  that  the  air  contained  in 
the  injection  water  is  set  free.  This  air  increases  the  press- 
ure in  the  condenser,  on  the  average  about  0.05  atmosphere. 
The  amount  of  injection  water  is  not  thereby  increased,  but  the 
air  pump  must  have  greater  dimensions  in  order  that  it  may 
remove  both  air  and  water  from  the  condenser.  . 


CHAPTEE  XXL 

THE  FLOW  OF  8TEAM  AND  HOT  WATEB  THBOXJGH  OBIFICE& 

A.  Plow  of  Steam  thboxjgh  Obifiges. 

As  in  Chapter  X.,  Part  L,  let  ABCD  be  a  large  veBsel  with  a 
narrow  discharge  pipe  EF.  In  the  first  is  a  piston  HJ^  of  /'sq. 
meters  cross-section,  and  in  the  pipe  a  smaller  one  (?,  of  /  sq. 

meters.  Upon  HJ  we 
have  the  pressure  olf 
kilograms  per  square 
meter.  The  pressure 
upon  Oi&pi  kil<^ams 
per  square  meter,  and 
jPi  <  jp.  Suppose  tlie 
space  between  the  pis- 
tons filled  with  some 
liquid,  as  water.  Let  the  piston  HJ  move  through  the  distance 
8  per  second,  and  G  through  «i.  Then  the  work  of  the  first  pis- 
ton is  Fapy  and  of  the  second/«ij9i. 

The  force  Fp  has  to  perform  two  works.  First,  it  must  oyer- 
come  the  constant  resistance  fpi^  with  uniform  velocity,  and 
second,  it  has  to  impart  to  every  water  particle  which  enters 
the  pipe  an  increased  velocity,  so  that  the  velocity  8  becomes 
8i.  Since  the  volume  f8i  issues  through  E  per  second,  the 
weight  of  this  volume  is,  if  1  cubic  meter  weighs  y  kilograms, 
f8xy.  To  increase  the  velocity  of  this  from  «  to  «i,  requires  the 
work 


Fio.88. 


2? 


Ar^ 


The  force  Fp^  which  drives  the  piston  HJ^  has  then  to  per-   '- 

470 


FLOW  OF  STEAM  THBOUQH  0BIFI0E8.  471 

form  not  only  the  work  /«i^  but  also  the  work  -^ — fs^y. 
Hence 


Fsp  =f8^p^  +  ^J^^f8,y, 


or 


Fsp^/8,p,^?l^f8,r (K) 

Since,  also,  Fs  =/«i,  we  have 

P-Pi^'^^-^r (LL) 

This  is  a  well-known  formnla  of  hydraulics  of  frequent  ap- 
plication. If  we  assume  the  vessel  ABCD  very  great,  with 
reference  to  the  pipe  EF^  or  the  diameter  very  great  in  com- 
parison to  that  of  the  orifice  E^  the  distance  8  is  very  small  in 
comparison  to  8'^  and  we  have 

or  putting  v^  in  place  of  8^^ 

p-pi  =  2^y (MI.) 

We  omit,  of  course,  here  the  fact  that  the  pressure  of  the 
water  particles  above  the  orifice,  due  to  their  own  weight, 
assists  the  force  Fp. 

Now  let  us  suppose  that  instead  of  water  between  the  piston 
HJ  and  (7,  we  have  saturated  steam.  Let  the  pressure  of  this 
steam  in  ABCD  be  p.  The  piston  HJ  is  pressed,  as  before, 
from  left  toward  the  right  by  the  force  p.  If  here  also  the 
pressure  pi  upon  the  piston  G,  in  the  pipe  EF,  is  less  than  j?, 
the  efflux  of  the  steam  is  essentially  different  from  that  of 
water,  and  is  completely  similar  to  that  of  a  gas.  The  steam 
expands  when  it  is  subjected,  on  one  side,  to  a  less  pressure 
than  on  the  other.  For  this  reason,  one  kilogram  of  steam  in 
the  pipe  EF  occupies  a  greater  space  than  a  kilogram  in  ABCD, 
that  is,  the  specific  volume  v  in  EF  is  different  from  that  in 


\ 
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ABCD.  The  distance  between  the  molecules  when  they  pass 
the  orifice  E  is  greater,  and  they  have  then  been  moved  apart 
This  motion  can  be  caused  by  heat  received  from  without^  or 
by  the  heat  of  the  steam  itself.  In  the  latter  case,  a  part  of  the 
molecular  motion  of  the  steam  is  converted  into  outer  motioiL 
In  the  case  of  permanent  gases,  the  pressure  pi  and  the  spe- 
cific volume  Vi  in  the  pipe  can  be  different  from  that  in  the 
vessel,  while  still  the  temperature  is  unchanged  (Chap.  X., 
Part  I.)  With  steam  this  cannot  be,  so  long  at  least  as  it  is  in 
the  saturated  condition.  For  this  condition,  so  long  as  the 
temperature  remains  constant,  the  pressure  is  unchanged 

Let  us  conceive  that  the  expansion  of  the  steam  while  pass- 
ing through  E  extends  to  some  distance,  as  shown  by  the 
dotted  lines.  As  the  steam  molecules  reach  the  first  arc,  their 
expansion,  or  the  increase  of  their  mutual  distances,  is  still 
small.  As  they  approach  the  innermost  arc,  it  is  greater,  until 
in  the  pipe  EF  the  volume  is  t?i.  Since,  then,  the  mutual  dis- 
tance of  the  molecules  increases  gradually,  the  pressure  exerted 
by  any  molecule  at  any  instant  upon  the  next  one  which  Ues 
nearer  the  orifice  E  is  greater  than  the  counter-pressure  of 
this  last  molecule  only  by  an  infinitely  small  amount.  If,  then, 
the  expansion  follows  any  given  law,  we  can  calculate  the  work 
necessary  for  this  expansion. 

I^  for  example,  we  suppose  the  expansion  to  follow  the  law 
of  constant  steam  weight,  heat  must  be  imparted.  "We  have 
seen  (page  405)  that  the  heat  required  by  1  kilogram  of  satu- 
rated steam,  expanding  according  to  this  curve,  varies  with  the 
temperature  ;  for  high  temperatures  it  is  less  and  for  low  tem- 
peratures greater.  If  the  steam  pressure,  for  example,  in 
ABGI)  is  5  atmospheres,  or  j?  =  5  x  10334  kilograms,  and  the 
pressure  on  O  per  square  meter  is  1  x  10334  kilograms,  we 
have  from  Table  HE.  for  the  heat  imparted  per  kilogram  daring 
expansion, 

200.46  -  148.47  =  51.99  heat  units. 

(Compare  the  example,  page  412.)    The  temperature  falls  from 
152.2  \  corresponding  to  5  atmospheres,  to  100°. 

If  we  denote  generally  the  heat  which  must  be  imparted, 
when  the  expansion  of  the  steam  at  efflux  follows  the  curve  of 
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constant  steam  weight,  by  P,  then  the  work  corresponding  is 

P  .       . 

-^.     It  is  this  worky  which  in  the  efflux  of  steam  (just  as  for 

gas)  is  to  be  added  to  the  work  Fsp  (Equation  L.),  and  which 
in  combination  with  this  work  generates  the  Telocity  w  and 
overcomes  the  constant  pressure  pi  in  the  pipe  EF  with  this 
velocity.  If  we  assume  that  1  kilogram  of  steam  issues  per 
second,  and  denote  the  volume  of  this  kilogram  when  in  the 
vessel  ABCDj  by  v,  and  when  in  the  pipe  EF,  by  v^  we  have 
in  Equation  "L.,  Fs  =^v  and/^i  =  Vu  and  have  then  for  the  work 
necessary  to  impart  the  velocity  w  to  each  kilogram 

since  in  Equation  l^.^fsyy  can  be  put  =  1. 
The  specific  volume  v  or  Vi  is  given  by 

V  =  (xu  -h  <y) 
Vi  =  (xu^  +  <y), 

because  the  steam  weight  x  is  constant    For  x  =  1 

V  =  u  +  (T 
Vi  =  til  +  (T. 

It  is  easy  to  see  how,  from  the  pressures  p  and  pi,  by  the  aid 
of  the  above  equations,  the  velocity  w  can  be  found.  In  prac- 
tice, the  case  here  considered  occurs  but  seldom  if  at  all,  and 
we  shall  not,  therefore,  pursue  it  further. 

Vdocity  of  Efflux  when  Heat  is  neither  Added  nor  Abstracted. — 
The  efflux  of  steam  from  the  safety-valve  of  a  boiler,'  or  from 
the  cylinder  of  an  engine,  takes  place  without  the  addition  of 
heat  from  without  Let  us  find  then  the  velocity  w  under  the 
assumption  that  heat  is  neither  added  nor  abstracted  by  outer 
bodies.  The  expansion  then  follows  the  law  of  the  adiabatic 
curve,  and  by  the  ^adual  change  of  pressure  from  pto  pi,  the 
work  of  the  molecules  is  (Equation  XXVJJL) 

A= 2  • 
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Hence  we  haye 

Mnltipljmg  both  sides  by  Ay  and  putting  v  =  xa  -\-  (X^  and 

=^|-  •  <^') 

Here  we  can  disregard  the  last  member  on  the  left  Also 
remembering  that  x{p  +  Apu)  =  or,  and  x^  {pi  +  ApiU^  =  Xir„ 
we  have 

^|.,_„.„_,,  .   .   .    <Ly, 

Since  jo,  j>]  and  x  are  known,  g,  q^y  r  and  1*1  are  also  known,  and 
Xi  can  be  fonnd  from  Equation  XXY., 


whence 


^  +  -^^  ~  ^  "^  ~y~ 


/  ,  arr\        rj 


The  Talues  of  r  and  -=  are  given  in  Table  TTT,    If  then  Xi  is 
thus  determined,  we  hare 


=/j(j-j. 


^  =  4/  -f-(?  -  ji  +  xr  -  XirO 


Since  2gr=  2  x  9.81  meters, and  -7  =  424^ 

A 


w  =  91.2  Vg  —  ?!  +  a?r  —  a?iri     •    •     (LVL) 


Let  ns  illustrate  the  above  by  an  example. 
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EXAMPLE. 

Steam  issues  from  the  safety-Talye  of  a  steam  boiler,  in  which  the  pressure  is 
5  atmospheres,  into  the  air.  What  is  the  Telocity  of  efflux  «f,  when  we  assume 
the  efflux  to  take  phtce  without  friction,  and  that  only  pure  saturated  steam, 
without  admixture  of  water,  approaches  the  orifice  ?  How  much  steam  is  con- 
densed diuring  efflux  ? 

We  have  evidently  to  answer  the  last  question  first.    From  Table  m,, 

-  =  1.174,    ^  =  1.488,     r  =  0.447,     r,  =  0.814, 

hence 

0?,  =  (0.447  -  0.814  +  1.174)  + 1.488  =  0.908  kilogram. 

Hence  during  efflux,  1  —  0.908  =  0.092  kilograms  of  steam  are  condensed. 
Further, 

q  =  168.74,    J,  =  100.5,    r  =  499.19,    r^  =  686.5, 
hence 

g  -  g,  +  ay  -  x^r^  =  168.74  -  100.5  +  499.19  -  0.908  x  586.5  =  66.29, 
and 

w  =  91.2 1^64:^  =  91.2  X  8.08  =  786.9  meters. 

Transfcrmaiion  of  the  Preceding  Eqnaiions. — ^The  preceding 
formnlsB  can  only  be  used  when  we  haye  onr  tables  at  hand. 
Let  US  see  if  we  can  find  w  without  them. 

First,  we  can  put  for  q  and  qi  the  temperatures  t  and  ^.  Thus 
if  we  assume  the  specific  heat  of  water  as  constant,  and  take  it 
at  1.0224^  which  corresponds  to  about  145°,  we  have 


Also, 


and 


hence 


g  -  gi  =  1.0224  (^  -  ^)  =  1.0224(r-  T^). 


T  T 

r  —  c  loff  nat  —  =  1.022  log  nat  — , 


T  T 

Ti  =  c  loff  nat  -  =  1.022  log  nat  -- , 

t-^r^^  1022  log  nat  J  =  2.353  log  ^. 


Further,  according  to  Olausius  (page  379), 

r  =  607  -  0.708^        n  =  607  -  0.708^. 
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Hence 


Equation  LYI.  becomes 

w  =  91.2^/1.022  {t-ti)  +  x  (607  -  0.708<)  -  aj,  (607  -  OJOO,) 

(LYIL) 

Let  us  calctilate  from  these  last  two  formulas  Xi  and  w  for 
the  last  example. 
We  have  ^  =  100,    and     2\  =  273  +  100  =  373 ;  hence, 

607  -  0J08^  _  607  -  70.8  _  -  .^^ 
Ti  ■"        373       -^•*^«- 

Further, 

2.353  log  J  =  2.353  log^^jL—  =  2.353  x  0.0569  =  0.1339. 

Hence 

g;  (607 -0.708^)  _  607-  0.708  x  152.2  __  -  -    . 
T  ■"         273+152.2        --^-^'^ 

We  have  then 

xi  =  (0.1339  +  1.174)  -^  1.438  =  0.909  kilograms. 

By  means  of  the  tables  we  found  before  Xi  =  0.908. 
We  have  now 


w  =  91.2\/1.022  X  52.2  4-  499.24  -  0.909  (607  -  70.8) 
=  91.2  V53.35  +  499.24  -  487.41 


=  91.2 V6518  =  91.2  x  8.07  =  735.98  meters. 

This  value  agrees  closely  with  that  found  before. 

If  the  pressures  p  and  pi,  or  the  corresponding  temperatures 
differ  but  little,  we  can  put 

2.3531og|  =  ^J-^». 
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We  should  hare  tlien 

or 

If  we  insert  this  in  LVI.,  and  remember  that  T  —  2^  =  <  —  ^, 
and  that  we  have  without  great  error  c  (^  —  ^)  =  ^  —  <i,  we  have 


or  finall jy 


«?=9i.2|/^(r-ro  .  .  .  (Lvm.) 


^^,l.2i/^^^J~tO.    .    (LIX.) 


EXAMPLE. 

With  what  velocity  does  the  steam  issue  from  the  boiler  of  a  low-pressure  en- 
gine, the  pressure  being  only  1.2  atmospheres,  when  a;  =  1  ? 
In  this  case  t  =  105.2°  and  t,  =  100,  hence 


n^o  4/607-0.708  X  105.2 
to  =  91.2  y  " 


273  +  105.2     • 


X  5.2  =  21&88  meters. 


Another  Expression  for  the  Velocity  of  Efflux. — ^We  have  made 
use  above,  page  473,  of  the  expression 

for  the  work  of  1  kilogram  of  steam  in  expanding  from  the 
pressure  p  to  p^.  On  page  436,  we  have  seen  that  this  work  i^ 
given  by  the  expression 

m-l 


^=i&[i-(f)"j 


where  the  valne  of  m  depends  not  only  npon  p  and  pi  bnt  also 
upon  the  proportion  of  water  in  the  mixtnre.    If  we  have  only 
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pure  saturated  steam  without  water,  m  has  the  mean  valne 
1.135. 
We  have  then 

The  law  of  the  adiabatic  curye,  that  is,  the  law  of  expansion 
of  the  steam  during  efflux,  is 

hence 

Vi-[^\    and    PiVi=pi^     '^p'^v. 

Inserting  this  value  of  ^t7i  and  reducing, 

m-l 


or 


i=s[i-©"]-  ■  •  c^) 


w 


=4«^J^[i-(|)"-]  .  (Lm, 


We  can  now  find  by  this  formula  the  velocity  w  for  the  ex- 
ample on  page  474 

First,  £!  =  i=  0.2.    Put  m  =  1.136,  then  (=e!)       =(0.2)    . 

J9  O  \J0/ 


By  the  aid  of  logarithms  we  find  this  equal  to  0.8257.    Hence 

m-l 

n  -  ^i!l^  •"  1  =  1  -  0.8257  =  0.1743.     Further,  for  5  atmo- 
spheres t;  =  a?tt  +  (T  =  0.364     Since  p  =  5  x  10334, 


.  /1.135  X  5  X 

y a: 


«;  =  44»/4/  -'--^^  -  ^  -  10334  X  0.364  ^  ^^^^  ^  ^^^  ^^ 


ters. 
This  result  agrees  closely  with  that  already  found. 


w 
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For  practical  use,  Eq.  LXTT.  can  be  siriplified.    Thus,  mak- 
ing m  =  1.135,  and  taking  the  sq.  root  of  — ^  10334,  we  have 

w  —  1 

/  m-l 

=  1305.83.  j/^ri-(=P^)   '^  1.     (LXnL) 

Here  p  is  expressed  in  atmospheres. 
If  the  steam  contains  10  per  cent  of  water,  m  =  1.125,  and 

/  m-l 

w  =  1351  y  ^v [1  -  (Sl\   ""  1  .    (LXIV.) 
Table  TV.  gives  for  different  pressure  ratios  ( —  j  the  values 


m-l 


of  1  —  (— )        and  ^M      )    >  which  last  serves  to  determine 
the  steam  volume  and  weight  which  issues  per  second. 

Steam  Volume  and  Weight  per  Second. — ^We  have  thus  far 
assumed,  for  the  sake  of  simplicity,  that  one  kilogram  per  sec- 
ond passes  through  E,  and  have  found  w  under  this  assump- 
tion. The  velocity  evidently  will  not  change  when  2,  3,  4,  or 
G  kilograms  issue  per  second.  Apart  from  the  pressures  p  and 
pi^  this  quantity  depends  only  upon  the  area  of  the  orifice.  If 
this  area  is  F,  the  volume  issuing  per  second  is 

Pi  =  Fw, 

provided  that  there  is  no  contraction  of  the  stream,  as  is  the 
case  with  water  and  other  liquids.   liOis  the  weight  of  steam, 


or  since 


Fi  =  VtO, 


Vi  =  (  — )  vG  cubic  meters. 
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Hence 


Fw 


and 


-  ©>■ 


Q^FwP^y^^  kilograms.     .    .    (LXV.) 
In  order  to  show  the  use  of  Table  lY.,  we  take  an  example. 


EXAMPLE. 

Letp  =  4,  and  Pi  =  1  atmosphere.     The  steam  at  4  atmospheres  is  pan 
saturated,  without  water.    What  is  u  and  G  ? 

We  have  ^  =  0.25.    We  find  in  the  column  for  —  the  number  0.25.  In  the 
P  P 

same  horizontal  line  we  find  for  the  column  giving  "^  —  i'^)        »  ^®  number 
0.1621.    Hence 

w  =  1805.88  V4  X  V  X  0.1521 . 

Since  vz=xu  •{■  (S,  and  u,  for  4  atmospheres,  is  from  Table  IL,  0.447,  we  have 
V  =  0.447  +  0.001  =  0.448.    Hence 


w  =  1805.83  V4  X  0.448  x  0.1521  =  681.9  meters. 


Again,  for  0.25,  we  find  in  the  column  for  (.^1  )  (m  being  1.125)  0.294B. 
Hence 

G  =  «81.9  X  0.2948  x  ^^  -  448.3jP  kilograms. 

CalctilaHon  of  the  Size  of  Safdy-  Valve. — ^In  general,  we  make 
the  area  F  of  the  valve  so  great  that  it  will  discharge  10  to  20 
times  as  much  steam  in  a  given  time  as  the  boiler  can  generate. 
This  latter  quantity  depends,  however,  upon  the  heating  sur- 
face, hence  the  valve  and  heating  area  must  stand  in  a  certain 
relation.  According  to  Prussian  regulations  (Weisbach,  VoL  JL, 
Art.  434),  the  valve  area  should  be  ^^  of  the  heating  area 
This  gives  indeed,  for  high  pressure  boilers,  a  greater  safety 
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than  for  low  pressure,  since  for  the  latter  the  steam  issues  with 
less  velocity. 

We  shall  now  show  by  an  example  how  the  diameter  of  the 
Talye  (d)  may  be  found  under  the  assumption  that  the  steam 
issues  with  the  velocity  given  by  our  formula,  and  that  the  loss 
of  velocity  due  to  friction,  etc.,  is  little  or  nothing; 

RYA.MPT.1iL     . 

What  diameter  (d)  should  the  safetj-valve  of  a  steam  boiler  have,  which  gen- 
erates per  hour  250  kilograms  of  steam  of  4  atmospheres,  for  20-fold  security  ? 

We  have  already  found,  in  the  last  example,  the  weight  of  steam  issuing  per 
second  through  the  area  F  under  a  pressure  of  4  atmospheres.    It  was 

a  =  448.8jP. 

If  the  diameter  of  the  valye  is  dj  wc  have 

a  =  448.3  ^^  =  448.8  x  0.78M*. 

The  boiler  generates  250  kilograms  of  steam  per  hour,  or  -/fffa  =  0.0695  kilo- 
grams per  second.  Since  we  wish  20-fold  security,  we  have  for  6^,  20  x  0.0695  = 
l.dd  kilograms.    Hence        • 

1.89  =  448.8  X  0.785<2S    or    d  =  0.067  meters  =  (3.7  centimeters. 


B.  Efflux  of  Hot  Water. 

In  the  chapter  upon  the  adiabatic  curve  of  steam  and  liquid 
mixtures,  we  have  seen  that  steam  is  generated  when  a  mixture 
of  water  and  steam  containing  a  preponderance  of  the  first  ex- 
pands adiabatically.  When,  then,  hot  water  flows  from  the 
vessel  ABCDy  the  particles  expand  in  approaching  the  orifice 
Fj  and  steam  is  formed.  If,  then,"  we  have  simply  hot  water 
and  no  steam,  the  Equation  XXY.,  page  423, 

XT  .      XyTi 

becomes,  since  a;  =  0, 
81 
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Since  r  is  always  greater  than  r^  so  long  as  the  temperature 

of  the  water  is  greater  than  that  in  the  pipe  EF^  --kr-  is  posi- 

tiye,  and  since  x^  is  the  steam  quantity  at  the  orifice  E^  we  see 
from  the  equation,  that  by  the  efflux  of  hot  water  steam  is 
generated,  and  that,  therefore,  both  steam  and  water  issue. 
The  weight  of  this  steam  in  every  kilogram  of  the  mixture  is 

T 

If  we  put  this  value  of  x^  in  Equation  LY.,  page  474  ^e  have 

or 


w  =  91.2  V?  -  ?i  -  (r  -  Ti)  Ti .     (LXVH) 

If- instead  of  1  kilogram,  O  kilograms  issue  per  second,  and 
if  jP  is  the  area  of  the  orifice,  we  have  for  the  steam  weight 
per  second 

J9  =  ^  (?  kilograms, 
and  the  water  weight 

W=^  {l^x^G  kilograms. 

The  volume  of  1  kilogram  of  the  mixture  at  the  orifice  ifl 

hence  of  0  kilograms  it  is 

(Xttii  +  <r)  ^  cubic  meters. 
We  have  therefore 


and 


^-^£h'  '  '  '  (i^^™) 
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EXAMPLB. 

Hot  irater  flows  from  the  test  oock  of  a  boiler  under  the  preasoie  of  5  atmo* 
q>here8.  What  is  the  specific  steam  weight  at  the  orifice  ?  With  what  velocity 
v>  does  the  mixture  issue  ?  What  is  the  discharge  O  per  second  ?  How  much 
steam  and  water  are  contained  in  the  mixture  ? 

For  5  atmospheres  r  =  0.447,  for  1  atmosphere  r  i  =  0.814,  and  -^  =  1.488. 

Hence  x^  =  (0.447  -  0.814)  +  1.488  =  0.002  kilograms.  We  have,  then,  as  much 
steam  as  in  the  efflux  of  saturated  steam  alone  is  condensed  (page  47S). 
Since,  further,  q  =  168.74,  .  q^  =  100.5,  we  have 

%o  =  91.2  y  158.74  -  100.5  -  (0.447-  0.814)878 
=  91.2  X  1.9  =  178.28  meters. 

^  For  1  atmosphere  u^  =  1.650,  hence  ii;,U|  +  tf  =  0.092  x  1.650  +  0.001 
=  0.154,  and 

G' = —^ -P=  1125  kilograms. 

.he  steam  weight  issuing  per  second  is 

D=:XiG  =  0.092  X  1126J^ ±:  108.5JP kilograms. 

The  water  weight  is  therefore  (1125  —  108.5)  F  =  1021.5^.  If  then  F  is  giveD, 
we  can  find  &,  D  and  W,  If,  for  example,  ^  is  1  square  centimeter  =  y^ttu 
=  0.0001  square  meter,  we  have  G  =  0.1125  kilogram.  2>  =  0.01085  and  W 
=  0.10215  kilogram  per  second.  The  volume  of  water  is,  since  1  kilogram 
r=  0.001  cubic  meter,  0.1125  x  0.001  =  0.0001125  cubic  meter. 

We  see  from  this  calculation,  how  to  find  for  any  time  the 
quantity  of  hot  water  and  steam  which  flows  through  a  given 
orifice  under  a  certain  pressure.  Zeuner  was  the  first  to  en- 
deavor to  determine  how  far  the  theoretical  result  agrees  with 
the  fact.  '^  I  allowed,"  he  says  in  his  Warme  Theorie,  *'  water 
to  flow  from  a  locomotive  boiler  under  6  atmospheres  pressure, 
and  endeavored  to  coUect  and  measure  the  issuing  water.  In 
spite  of  variations  in  the  method  of  experiment,  the  measure- 
ment did  not  succeed.  The  steam  carried  off  with  it  the 
greatest  part  of  the  water.''  There  remains  only  in  further 
experiments  of  this  kind,  to  measure  therefore  the  efflux  in 
the  boiler  itself. 
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The  following  table  gives  for  different  pressures  the  corre- 
sponding velocity  of  efflux,  the  specific  steam  quantity  at  the 
orifice,  and  the  discharge  in  kilograms  per  second,  according 
to  Zeuner. 


Pressare 

in 
atmoep. 

Velocity 

of 
efflnz. 

Bpecific  steam 

weiffht  at 

onflce. 

Efflux  Oln 
kflogn.  per  second 
for  croes-sectlon  F. 

to. 

a?,. 

Q. 

2 

69.52 

0.088 

1095  F 

8 

112.85 

0.062 

1102  " 

4 

145.07 

0.079 

1106  " 

5 

171.02 

0.093 

1109  " 

6 

192.98 

0.105 

1113  " 

7 

212.00 

0.115 

1116  " 

8 

228.87 

0.124 

1118  " 

9 

244.14 

0.132 

1120  *« 

10 

258.02 

0.189 

1123  " 

11 

270.78 

0.145 

1124  " 

12 

282.64 

0.152 

1127  ** 

13 

293.71 

0.157 

1128  " 

14 

804.09 

0.168 

1130  " 

This  table  shows  the  remarkable  result  that  the  discharge  is 
nearly  constant  whether  the  pressure  be  small  or  great.  The 
specific  steam  weight  a^,  on  the  other  hand,  increases  with  the 
pressure,  a  proof  that  the  total  steam  weight  issuing  increases 
with  the  pressure.  Since,  then,  the  entire  discharge  is  nearly 
constant,  the  water  weight  issuing  per  second  must  decrease 
with  increasing  pressure.  It  follows,  that  for  the  same  con- 
tents and  area  of  orifice,  a  low  pressure  boiler  can  be  emptied 
in  about  the  same  time  as  a  high,  provided  that  in  both  the 
initial  pressure  is  constant  during  the  efflux.  If,  however,  dur- 
ing efflux,  the  pressure  gradually  sinks,  the  weight  of  the 
issuing  mixture  indeed  remains  about  the  same,  but  the  steam 
weight  decreases  while  the  water  weight  increases.  We  have 
then  almost  the  inverse  phenomena  from  the  efflux  of  cold 
water. 

In  order  to  make  apparent  the  difference  between  the  efflux 
of  cold  and  hot  water,  we  give  the  following  small  table.  The 
velocity  of  efflux  is  found  from  page  i^\ 
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where  y^  the  weight  of  one  cnbio  meter  of  water,  is  1000  kilo- 
grams. Since  c  is  the  volume  of  1  kilogram,  ya  is  the  volume 
of  1000,  or  of  1  cubic  meter.     Hence 

1 

^  =  -a 

and    tt^  =  0*  (^  —  ^)  2gr    or 

t(;  =  443'v/^(_p-pi)     .    .    .     (LXIX.) 

If,  for  example,  water  flows  under  the  constant  pressure  of  4 
atmospheres  &om  a  vessel  into  the  air,  the  velocity  of  efflux  w 
is,  neglecting  all  resistances, 

ti;=  443  V10334xt^Vo(4-1)  =  4-43  ^10334  x  3 
=  2466  meters. 

The  water  volume  per  second  is  then  jP?r,  and  the  water 
weight 

<?  =  1000M;i?'=24660-F  kilograms    .     (LXX.) 

Hence  we  have 

Pressnre.  Velocity.  Efflnx. 

p.  w.  G.  ' 

4 2466  246602^ 

8 37.67  37673i^ 

12 47.23  472262?^ 

While,  therefore,  for  the  same  pressure  the  velocity  of  the 
issuing  water  is  much  less  than  for  a  mixture  of  steam  and 
water,  the  discharge  is  much  greater.  The  explanation  is  as 
follows :  The  steam  weight,  in  spite  of  its  great  velocity,  is 
very  small,  but  even  this  small  weight  occupies  a  relatively 
large  space,  and  fills,  in  part,  the  orifice  so  that  the  water  quan- 
tity is  small 

It  is  much  to  be  desired  that  these  theoretical  investigations 
may  be  tested  by  thorough  and  exact  experiments. 

Caaea  in  which  the  Hot  Water  laauea  with  the  same  Velocity  a8 
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the  Cdd. — ^The  complete  equation  for  the  Telocity  of  the  issuing 
steam  was,  from  Equation  LIY.,  page  474, 

q-\-xft  ^  Apux  -  (ft  +  aJiA  +  ApiX^u^  -{-  A(T{p  —  p^  =  A^, 
or 

q  +  XT  -  q^-  x^rx  +  Aff  {p  -  px)  =  A  ^. 

If,  now,  instead  of  steam  we  have  only  hot  water,  x  =  0,  and 
we  have 

q-qi-x^n  +A(r{p-p^  =  A^. 


Now,  from  page  474, 

and  since  here  also  a?  =  0, 

T 

i»i  =  (^-^i)-r^i    or    a?iri  =  (r  -  Tj)  Ti. 

Instead  of  g'  ^  gi  we  can  put  c  (^  —  ^i)  =  o  (  jP  —  Ti)  and  hare 

If  the  pressures  p  and  p^^  or  the  temperatures  T  and  Tx  are 
but  little  different  from  each  other,  we  have 

2.3026  log  ^  =  ^^^. 
From  page  475 

fp  rp rp 

r-T^-  a3026c  log  -^  =  c  — ^r=^. 
or 
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In  eqnation  (1)  the  two  first  memberB  then  are  eqnal,  and 
•we  have 

or 

^=<r(p-p,)  =  P^.   .    .    (LXXI) 

This  is  the  same  equation  which  we  have  found,  page  471, 
for  the  efflux  of  water  under  ordinary  circumstances.  "We  have, 
however,  called  attention  there  to  the  fact  that  the  pressure 
due  to  the  head  of  water  over  the  orifice  should  be  taken  into 
account  in  finding  the  velocity  of  efflux.  The  same  is  the  case 
for  hot  water.  Since  y  is  the  weight  of  one  cubic  meter  and  p 
the  pressure  in  kilograms  per  square  meter,  we  have,  when^  is 
expressed  in  atmospheres,  for  the  height  of  a  column  of  water 
which  would  exert  this  pressure, 

1033^      10334         ^^QQ. 
->-    -  =  TOGO  ^^  =  ^^•^^- 


If  the  head  of  water  is  h  meters  above  the  center  of  the 

orifice,  we  have  instead  of  ^ ,  ^  +  Jl     Hence  the  theoretical 

r     Y 

velocity  of  the  cold  water  is 


«(7  =  443|/a  +  2 — ^.  .    .    (LXXn.) 


and  this  will  be  the  velocity  also  of  the  hot  water  when  p  and 
Pi  are  nearly  equaL 

The  efflux  of  hot  and  cold  water  must  then  be  the  same,  if 
steam  formation  during  efflux  is  prevented.  This  can  only  be 
the  case  when  we  abstract  from  the  water  as  much  heat  as  the 
steam  requires  for  its  formation.  If  the  heat  of  the  liquid  in 
the  vessel  is  9,  and  outside  ^i,  Ve  must  abstract  for  each  kilo- 
gram of  water  at  the  orifice  the  heat  q  —  qx.  When  this  is  the 
case,  the  formula  for  efflux  of  cold  water  will  apply  also  to  hot 
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water,  because  the  diminntion  of  volume  of  the  water  in  pass- 
ing from  the  higher  to  the  lower  temperature,  which  in  the 
efflux  of  gas  and  steam  is  so  great,  is  for  water  so  small  as  to 
have  no  influence  upon  the  flow.  The  Telocity  w^  and  the  dis- 
charge in  kilograms  per  second  or  minute,  must  then  be  the 
same,  in  this  case;  both  for  cold  and  hot  water. 


CHAPTER  y^TT 

GONSTBUOnONS    WHICH    DEPEND    UPON     SDCILAB    PBINCIPLES. — ^THE 

INJEGTOB. 


The  principle  of  the  ordinary  suction  pnmp  consists  in  a 
pipe  with  one  end  in  the  water  and  the  other  connected  with 
a  pump,  by  means  of 
which  a  partial  vacuuni 
is  created  in  the  pipe, 
so  that  the  pressure  of 
the  air  upon  the  out- 
side water  forces  water 
up  the  pipe.  For  the 
production  of  the  va- 
cuum different^  meth- 
ods have  been  recently 
adopted.  One  of  the 
simplest  and  most  in- 
genious is  that  of  Pro- 
fessor James  Thompson. 
It  consists  in  causing  a 
stream  of  water,  of  .con- 
siderable velocity,  to 
carry  away,  in  part,  the 
air  with  it  We  give  -a 
sketch  of  the  apparatus,  Fig.  83.  From  the  tank  E  a  vertical 
pipe  descends  and  ends  in  a  conical  mouth-piece  at  A^  inclosed 
by  the  spherical  vessel  B.  From  this  we  have  the  diverging 
pipe  F  and  the  suction  pipe  D.  While  now  the  water  flows 
through  A  with  great  velocity,  it  drives  out  the  air  in  jP  as  well 
as  in  £•    Air  is  thus  sucked  out  of  the  pipe  CD^  a  partial  va- 
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cuum  is  created,  and  the  water  rises  in  CD.  This  water  enters 
B  with  a  certain  velocity,  and  is  there  carried  out'  along  with 
the  stream  in  F. 

While  here,  we  make  use  of  the  velocity  of  a  stream  of  water 
for  the  formation  of  a  vacuum,  we  might  make  use  of  a  current 
of  air  or  steam.  The  latter  is  applied  thus  in  the  blast-pipe 
of  the  locomotive  and  in  GifEeurd's  injector.  In  the  case  of  the 
blast-pipe,  the  steam  passes  from  the  cylinder  at  about  1.25  at- 
mospheres pressure,  through  a  nozzle  in  the  lower  part  of  the 
stack.  The  velocity  is  by  reason  of  this  pressure  great,  and 
the  steam  drives  out  with  it  the  gases  of  combustion,  and  im- 
parts to  them  a  greater  upward  velocity,  so  that  a  partial  vacu- 
um is  created  in  the  smoke-box  and  the  outer  air  enters  rapidly 
through  the  grate,  thus  causing  more  rapid  combustion.  The 
operation  of  the  blast-pipe  consists  then  in  sucking  in  the  outer 
air  by  means  of  a  current  of  steam.  Giffard's  injector  uses 
steam  for  the  purpose  of  sucking  up  water,  as  in  Thompson's 
water-jet  pump.  It  is  remarkable  that  here  we  can  force  the 
water  thus  sucked  up,  into  the  boiler  from  which  we  obtain  the 
steam.  This  apparatus  is  much  used  instead  of  ordinary  force 
pumps  for  furnishing  feed-water  to  boilers. 

Description  of  the  Injector. — Our  sketch,  Pig.  84,  shows  a  section 
of  the  apparatus.  The  pipe  A  connects  with  the  steam  space 
of  the  boiler,  and  when  the  cock  ^is  opened  the  steam  passes 
through  a  number  of  holes  in  the  pipe  BG  into  this  pipe, 
which  ends  in  a  conical  mouthpiece  G,  This  mouthpiece  empties 
into  a  chamber  J9,  which  communicates  by  the  pipe  FF  with 
the  feed-water  tank  QQ.  The  feed  water  and  the  in  large  part 
condensed  steam,  pass  through  E  and  enter  a  second  conical 
mouthpiece  O.  It  then  passes  through  the  pipe  K^  valve  V 
and  pipe  I/,  which  communicates  with  the  water-space  in  the 
boiler.  The  flow  of  steam  is  regulated  by  a  conical  spindle  N, 
which  can  be  raised  or  lowered  by  the  crank  3f.  The  flow  of 
f  Qed  water  can  also  be  regulated  by  means  not  shown.  By  the 
pipe  S  the  surplus  water  which  collects  in  the  chamber  B  is 
removed. 

The  action  of  the  apparatus  is  easily  understood.  H  is 
opened  and  the  spindb  G  raised ;  steam  flows  with  great  ve- 
locity into  the  chamber  D,  carries  out  the  air  with  it,  and  thus 
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causes  in  the  chamber  and  snotion  pipe  F  a  partial  Tacnam. 
The  feed  water  riees  throngh  FF  into  the  chamber  D.  The 
spindle  ia  then  raiaed  farther,  and  more  steam  enters,  a  great 
part  of  Thiah  is 
condensed  by  con- 
tact with  the  cold 
feed  water.  The 
steam  Htill  coming 
from  the  boiler 
driTes,  by  reason 
of  its  living  force, 
the  teed  water  and 
condensed  steam 
throngh  E,  into 
the  mouthpiece  G, 
and  it  then  passes 
by  K,  V,  and  L  into 
the  boiler.  If  the 
ratio  of  the  enter- 
ing steam  and  feed 
water  is  jnat  right, 
the  stream  of  wa- 
ter where  it  passes 
from  JE"  to  G",  and 
which  can  be  ob-  " 
served  by  a  small 

window    at    B,  p^q  ^ 

should  be  perfect- 
ly transpu^nt,  so  that  neither  steam  nor  water  departs  by  8. 

Theory  of  the  ApparatAis. — Dimensions. — As  has  been  remarked 
in  Part  L,  this  apparatas  testifies  to  the  correctness  of  the 
mechanical  theory  of  heat  For  if  the  valve  F  is  open,  one 
wonld  say  that  the  boiler  water  oaght  to  escape  just  as  much 
as  the  steam,  since  the  pressnre  npon  the  water  is  the  same  as 
the  steam  tension.  If,  however,  we  consider  that  the  worh  in- 
herent in  the  steam— in  other  words,  the  total  heat  of  the  steam 
— ^is  mnch  greater  than  that  of  the  boiler  water,  we  can  nnder- 
stand  how  the  excess  of  inner  work  can  not  only  anck  np  water 
and  force  it  into  the  boiler,  but  also  heat  this  water  to  the  tern- 
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per^tore  of  the  boiler.  That  which  in  Thompson's  pomp  is 
performed  by  the  outer  liring  force  of  the  water,  is  here  per- 
formed by  the  inner  living  force  of  the  steam,  by  that  which  we 
call  the  vibration  work  of  the  molecules. 

Let  the  velocity  with  which  the  steam  passes  the  orifice  at  C 
he  w ;  the  steam  pressure  in  the  boiler  be  p  kilograms  per 
square  meter  ;  t  be  the  temperature  and  q  the  heat  of  the  liquid 
Every  kilogram  of  steam  which  passes,  contains  x  kilc^rams  of 
pure  saturated  steam  and  1  —  re  of  water.  If  O  kilograms  pass 
C  per  second,  we  have  in  this  time  xO  kilograms  of  steam  and 
{l'-x)0  of  water.  We  assume  further,  the  pressute  in  the 
condensing  chamber  Dx  =  pv» 

According  to  page  474,  the  heat  which  imparts  to  the  steam 
the  velocity  w  is 

q  +  xp-\-  Apxu  -  (gi  +  Xxfh  4-  ApiXiU^  +  A(S{p-'p^=A^, 

where  x  is  the  specific  steam  weight  in  the  boiler,  and  a^  that 
in  the  condensing  chamber.  If  we  assume  that  here  the  steam 
is  completely  condensed,  a^  =  0,  and  we  have 

q  +  xp  +  Ap3ou  —  g'l  +  A(y  {p  — jpi)  =  A^^—.  (LXXIV.) 

^9 

Here,  qi  is  the  heat  of  the  liquid  in  the  condensing  chamber, 
hence  q  +  xf>  +  Apxu  —  q^  is  the  heat  which  the  steam  has 
given  up.  We  have  then,  in  this  condensed  steam,  qi  heat 
units  per  kilogram.  If  the  flow  is  O  kilograms  per  second,  we 
have 

GA^-Glq  +  xp^  Apxu  -  yi  +  A(y{p  -pi)].  (LXXV.) 
^9 

« 

From  page  478,  Equation  LXI.,  we  have  also 

In  the  following  investigations  and  calculations,  we  shall 
make  use  of  one  or  the  other  of  these  formulae. 
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Let  ns  first  apply  the  former. 

The  entering  steam  generates  at  first  in  the  condensation 
chamber  a  yaeaom.  Cold  water  is  then  forced  np  by  the  onter 
pressure  of  the  air  into  this  chamber.  If  now  water  flows  from 
9  a  reservoir,  upon  whose  surface  thei^e  is  a  pressure  p^  per 
square  meter,  into  another  in  which  the  pressure  is  p^  and  if 
h  is  the  head,  we  have  for  the  living  force  in  the  issuing 
water,  (Jo, 


I  «.=[^ +»>■•■ 


where  u  is  the  velocity  and  —  =  cr  ;  hence 

If  A  is  negative,  or  the  water  is  raised,  which  can  only  be 
when  i>i  <  J3to»  we  have 

^G,^i{p,-p,)<T-K\0,.   .    (LXXVI.) 
or 


u  =  ^/2g  [(^  -^)  (T  -  A]  =  443  V(^  -  jpO  <r  -  A . 
The  heat  equivalent  to  the  above  work  is 

9 

A^0o=  A[{p^  -^)  <x-K]Go  heat  units  .     (LXXYII.) 

If  the  heat  of  the  liquid  for  the  cold  water  is  %  the  heat  in 
it  is  qoGo  heat  units.  At  the  beginning  of  the  entire  process 
we  have  the  heat 

G(s  ■{■rx-qi)  -^  GAff  (p  -^)  4-  A  [{po  -pi)  (r-h']Go  +  qoG^ 

(Lxxvin.) 

This  heat  performs  the  following  works :  1.  It  has  to  heat 
the  cold  feed  water.    2.  It  has  to  impart  to  it  a  certain  velocity, 
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SO  that  the  water  mass  (tq  ^^^  condensed  steam  mass  Q  may 
pass  with  equal  velocitj  through  E.  3.  The  combined  mass 
Oq-\-  G  must  overcome  on  entering  the  chamber  R  the  outer 
air  pressure,  since  R  communicates  with  the  atmosphere  by  & 

Let  now  the  velocity  of  the  mass  &  +  &o  be  tt^  the  mechani-  ^ 
,cal  work  inherent  in  it  is 


w« 


and  this  represents  the  heat 

A^{0+0^)  .    .    .    .    (LXXIX.) 

Since,  further,  the  Gq  kilograms  of  feed  water  must  have  the 
same  heat  of  liquid  as  the  condensed  steam,  it  must  contain 

^16^0  heat  units. 

Finally,  the  work  required  for  overooming  the  air  pressure 
in  R,  poy  is 

{po-pi)(r(G+Go). 

This  corresponds  to  the  heat 

A{po'-pi)a{G  +  Gi)  heat  units  .     (LXXX.) 

These  three  last  quantities  of  heat  must  equal  that  given  by 
Equation  LXXYIIL     Hence  we  have 

0(q  -hrx-  qi)  4-  GA(r  (p  -^)  4-  GoA  [(j>o  -pi)  (T  -  A]  +  q^O, 
=  ^  2^  ((7  +  Go)  +  q^Go  +  A(T{po  -pi)(G  +  Go). 

Or,  reducing  and  canceling  e(j[ual  quantities  on  both  sides, 

G{q  +  rx  —  qi)  +  GA(X  (p  —  po)—  OoATi  +  qoGo  = 

A^ {G -h  Go)  +  qiGo^    .    .    .    (LXXXI) 

This  equation  contains  two  unknown  quantities,  the  heat  qi 
and  the  velocity  t^.    If  the  apparatus  feeds  the  same  boiler 

from  which  the  steam  is  taken,  the  living  force  ^§^(0  +  Oq)  of 
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the  water  must  be  so  great  as  to  be  able  to  force  the  mass 
{O  +  6ro)  into  the  boiler. 

If  we  assume  that  the  condensation  chamber  D  lies  at  the 
level  of  the  boiler  water,  we  have,  since  the  pressure  in  the 
boiler  isp  and  that  in  B  isj^ 

g'  {G  +G,)  =  <T{p-  p,)  {O-  Go). 

The  right  side  represents  the  work  necessary  for  overcom- 
ing the  pressure  p  —  po,  neglecting  all  resistances.    Hence 


u,  =  V2g(J  {p-po)  =  4.43  V^  (i>  -i?o)  •     (LXXXIL) 

where  p  and  po  are  given  in  kilograms  per  square  meter.    If  we 
express  p  and  p^  in  atmospheres,  then,  since  <y  =  0.001, 


^  -  443  V10.334(^  -  Pb)  =  14.24  Vp-po- 


By  reason  of  resistances,  we  may  put  tti  =  14.67  Vp  —  po,  and, 
since  po  is  always  1, 

III  =  14.67  Vp  —  i  meters.    .    (LXXXTTL) 

If  inLXXXL  we  put  ^(G^  +  G^o)  =  <rip-Po)iG  +  Go),  we 
have 

0(q  -h  rx  —  qt)  +  OA(J  {p  —  Po)  —  CfoAh  +  qoGo 

=  A(T{p^Po){G-^Go)  +  qiGo (XO.) 

This  equation  leads  to  interesting  considerations.    We  may 
consider  it  as  composed  of  two  equations,  viz. : 

0{q  +rx  —  qi)  =  (?i  —  S'o)  G^o  •     •     •     •     C^GL) 
and 

GA(T  (p  -po)  -  GoAh  =  4(r  (p  -Po)  {G  +  Go), 

or 

0=GoA(r(p^Po)-tGoAh  =  Go[<^{p-po)-^hl    .    (XCH.) 
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Tke  first  of  these  eqnations  would  indicate  that  the  heat 
given  up  by  O  kilograms  of  steam  and  water  of  the  temper- 
ature ty  when  cooled  under  constant  pressure  p  into  water 
at  tii  is  sufficient  to  heat  Oq  kilograms  from  t^  io  ti  degrees, 
or  to  impart  6^0  (?i  —  ?o)  heat  units.  But  if  this  is  so,  then, 
as  is  seen  from  the  second  equation,  there  is  no  heat  or 
mechanical  work  remaining,  in  order  to  raise  the  mass  (?o  and 

G 
force  it  into  the  boUer.     I^  therefore,  the  ratio  ^  and  the 

values  of  ^,  ^0,  and  x  are  known,  we  should  find  q^  from  the 
first  equation,  too  large,  and  the  excess  is  that  heat,  or  work, 
necessary  for  raising  Oq  and  forcing  it  into  the  boiler.  Thus  it 
follows,  unmistakably,  that  in  our  apparatus,  during  the  entire 
process,  a  part  of  the  molecular  work  of  the  steam  is  trans- 
formed into  outer  work. 

As  has  been  remarked,  we  can  only  give  a  satisfactory  ac- 
count of  this  apparatus  when  we  assume  this  principle  as 
correct.  That,  however,  a  very  small  amount  of  heat  suffices 
for  the  raising  of  the  water,  can  be  easUy  shown  by  a  practical 
example.  This,  also,  follows  from  the  fact  that  one  heat  unit 
corresponds  to  a  mechanical  work  of  424  meter-kilograms. 

From  an  experiment  by  the  French  engineer  Villiers,  the 
height  h  to  which  the  injector  raised  the  water  was  4  meters, 
the  pressure  p  in  the  boiler  was  4^  atmospheres  corresponding 
to  a  temperature  t^  of  146.19'',  and  heat  of  liquid  q  =  147.65 
heat  units,  and  total  latent  heat  of  r  =  503.54  heat  units.  The 
steam  contained  about  7  per  cent,  of  water.  Hence  x  was 
1  -  0.07  =  0.93,  and  rx  =  503.54  x  0.93  =  468.29.  The  tem- 
perature to  of  the  feed  water  was  23.5°,  hence  ^o  =  23.51.  Fi- 
nally, the  temperature  of  the  issuing  water  (mixture  of  steam 
and  water)  was  ti  —  60.5°,  and  hence  qi  =  60.64  If  we  sub- 
stitute these  values  in  the  first  of  the  above  equations,  we  have 

G 

for  the  ratio  ■—-  of  the  feed  water  to  the  steam  used, 

(jT 

Go  _  147.55  +  468.29  -  60.64  _  .,  ^  pg 
G  ~  60.64-23.51    -  ^*-««>- 

• 

If,  then,  no  mechanical  work  had  been  necessary  for  raising 
the  water  and  forcing  it  into  the  boiler,  we  should  have  for  the 
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given  data  of  the  apparatus,  1495  times  as  much  cold  feed 
water  as  steam.  But  now,  for  this  raisiug  and  forcing,  work  is 
required,  and  hence  this  ratio  shonld  be  less.  And  inversely, 
if  this  ratio  were  correct,  the  heat  of  the  liquid  qi  should  be 
less.     The  second  equation  tells  us  by  how  much,  viz.,  by 

A\h+  (T  (^  —  |3b)]  heat  units. 

Since  now  *  =  4,  (r  =  0.001,  p  =  10334  x  4J,  jj^  =  10334,  we 
have 

Tir  [*  +  10334  (4.26  -1)]  =  0.089  heat  units  per  kilogram. 

Of  this,  rfr  X  4  =  0.01  per  kilogram  are  used  for  raising  the 
water  and  0.079  for  forcing  it  into  the  boiler.  We  see  that  this 
heat  is  so  insignificant  that  it  can  only  be  observed  by  specially 
constructed  thermometers.  This  is  explained,  as  already  re- 
marked, by  the  fact  that  1  heat  unit  represents  the  considerable 
work  of  424  meter-kilograms,  and  hence  a  very  small  loss  of 
molecular  work  can  cause  a  considerable  amount  of  outer 
work.    For  these  reasons  we  may  use,  in  all  practical  cases, 

the  first  equation  for  determining  -^ ,  when  t,  ti  and  tg  are  known, 

or  for  determining  ^  from  ^,  ^o  and^^. 
From  the  equation 

we  have 

0(q  +  rx)  -h  G^Q  =  Goqi  +  Gqu  hence 

^Giq-hrx)  4-  Goqo 

Instead  of  ^  +  TX,  we  can  put  the  total  heat  (w)  in  1  kilo- 
gram of  steam  of  the  temperature  t  Since,  further,  qo  and  qi 
cannot  be  large  (^o  iSy  for  example,  on  an  average  IS'',  and  qi  at 
most  60""),  we  can  put  the  temperatures  in  place  of  the  liquid 
heats.    We  have  then 


^  =  ^^,  +  G?^    ....  (xcm.) 


82 
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where  W  =  606.5  +  0.305^.    We  have  also 

ff =f^  •  •  •  ■  •  <^'^' 

Hence  we  have  the  temperature  of  the  mixture  of  steam  and 
liquid.  This  formula  could  have  been  found  directl j^  if  we  had 
assumed  the  views  as  to  the  action  of  the  apparatus  referred 
to  as  correct 

Before  proceeding  to  further  calculations  of  the  dimensions 
of  the  apparatus,  let  us  consider  here  a  question  of  practical 
interest,  viz.,  which  is  the  most  economical,  an  ordinary  feed- 
pump or  the  injector? 

We  have  assumed  above  that  the  injector  requires  6  kilo- 
grams of  steam  per  second  of  the  temperature  t  The  genera- 
tion of  this  steam  out  of  water  at  f,  if  in  each  kilogram  there 
are  x  kilograms  of  steam,  requires  Grx  heat  units.  Now  the 
injector  forces  every  second  G  -{■  Oq  kilograms  of  water  at  ix  de- 
grees into  the  boiler,  in  which  it  is  heated  up  to  f.  This  re- 
quires the  heat  {O^  -^  G)  {q  —  q^)  heat  units.  The  total  heat 
required  per  second  is  then 

Q  =  Grx-h{Go+G)q-qx) (XCV.) 

Now  we  have  from  the  general  equation,  page  495, 

Oo  {qi  -  go)  +  GqA  [(T  (p  -po)  +  A]  =  G{^  -hrx-  qi\ 
or 

GoA  [ff  {p  -^,)  +  A]  -  G^o  =  (^rx  -h  G{q-  qi)  -  G^^ 

and,  adding  G^q  to  both  sides, 
6^0(7 -?o)  +  GoA[(r(p-p,)  +h']  =  Grx-\-  {G  +  G^o)(?-?i)- 
From  this  equation  and  Eq.  XCV.,  we  have 

Q=Go{q'-qo)-^GoA[(T{p-po)-hh].    .    (XCVL) 

The  first  member  on  the  right  gives  the  heat  which  Go  kilo- 
grams of  water  require  in  order  to  become  heated  from  ^)  to  ^ 
that  is,  to  the  boiler  temperature.    The  second  member  is  the 
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heat  required  to  raise  G^  kilograms  of  water  to  the  height  A 
and  then  to  force  it  into  the  boiler.  Hence  the  heai  required  to 
run  the  injector  depeTida  only  on  these  quantities,  and  is  ind^iendent 
of  the  steam  quantity  G  used  by  the  apparatus.  This  is  evident 
vhen  we  consider  that  the  qoantitj  of  heat  reqiiircd  by  the  in- 
jector is  always  returned  to  the  boiler.  If  it  uses  more  steam, 
or  steam  of  higher  tension,  it  can  famish  more  water,  bnt  in  all 
cases  the  heat  required  for  the  generation  of  this  greater  ten- 
sion is  retnmed  to  the  boiler.  Of  course,  in  this,  we  disregard 
all  losses  of  heat  due  to  radiation,  condaction,  and  loss  of 
steam.  If  we  remember  still,  that  the  second  member  on  the 
right  is  almost  Tanishii^ly  small  with  respect  to  the  first,  we 
have 

Q=Go{q-qo)_ (XCVm.) 

Hence  the  heat  required  by  the  injector  is  greater  the  more 
water  it  famishes  to  the  boiler,  or  the  more  water  or  steam  the 
engine  uses  per  second;  the  greater  the  temperature  of  the 
boiler,  and  the  less  that  of  the  feed  water.  Precisely  the  same 
is  true  of  the  ordinary  feed  pump. 

Sappose  that  the  pump  has  first  to  raise  the  cold  water  to 
the  height  h.    The  work  required  is  G^ 

This  water  is  now  to  be  forced  in- 
to the  boiler,  where  the  pressure  is 
p.     This  requires  the  work 

G^pa-  Gnpo<f=  Gt,<f{p-p«). 

If,  therefore,  the  pump  makes  one 
roTolution  per  second,  it  furnishes 
per  second  Go  kilograms  of  water  at 
the  temperature  Ci  snd  the  work 
required  is 

G^  +  Ooff(p-po), 

or  in  heat  units 

AGo[<J  (p  -  po)  +  h].  Pa  80. 

or  the  same  as  in  equation  XCVL  was  found  for  the  injector. 
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In  the  boiler,  the  O  kilograms  are  heated  from  ^  to  ^  degrees, 
which  requires 

G^  {q  —  qo)  heat  units. 

The  total  heat  for  the  working  of  an  ordinary  pump  is  therefore 
precisely  the  same  as  for  the  injector. 

Theoretically,  then,  the  one  apparatus  has  no  advantage  over 
the  other.  If  we  consider,  however,  that  the  frictional  resist- 
ances in  the  pump  are  much  greater,  the  injector  is  the  best 
This  is  not  the  case,  however,  when  the .  apparatus  is  used 
simply  for  the  raising  of  water  only,  as  we  shall  soon  point 
^out. 

As  to  the  height  of  suction  A,  this,  as  has  been  shown  by  ex- 
periment, is  much  less  when  the  injector  first  begins  to  work 
than  when  in  full  action.  The  reason  may  be  as  follows: 
When  the  apparatus  is  set  in  action,  we  have  in  the  condensing 
chamber  DD  air  of  atmospheric  tension.  The  steam  rushing 
through  C  carries  with  it  especially  those  particles  near  the 
orifice,  and  causes  a  partial  vacuum.  But  in  consequence  of 
this  there  is  a  quick  vaporization  of  the  particles  of  water  in 
the  steam,  or  of  those  remaining  in  the  condensing  chamber, 
which  diminishes  the  vacuum.  When  once  the  apparatus  is 
in  full  activity,  the  steam  is  at  once  condensed  by  the  cold  feed 
water.  We  have  indeed  still  steam  mixing  with  the  rarefied 
air,  but  steam  whose  pressure  depends  only  upon  the  tempera- 
ture of  the  resulting  mixture  of  steam  and  water. 

According  to  the  experiments  of  Villiers,  at  St  Etienne,  we 
Imve  the  following  results  for  the  height  of  suction  and  steam 
pressure  in  boiler  at  beginning  of  action : 

For 

p  =  2.        2.5        3.  3.5        4        45    atmos. 

A  =  1.4      2.  2.47        2.8        3.        3.1    meters. 

When  the  apparatus  was  in  full  action 

h  =  3.14    4  449        474     499    499  meters. 

We  see  that  both  in  beginning  as  in  normal  action,  beyond 
a  certain  steam  pressure,  there  is  no  further  increase  in  height 
of  suction. 
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The  results  obtained  by  Benther  from  a  steam  jet  pump 
coincide  well  with  the  preceding.    According  to  these  for 


p=% 

2.5 

3.        atmos. 

A  =  L32 

L88 

2.35    meters, 

ill  action 

A  =3.46 

3.69 

44    meters. 

The  first  results  for  beginning  of  action^  are  given  closely  by 
the  empirical  formula 

A  =  -  1.124  +  1.4&C  -  0.1e^  .    .    .    (XCIX.) 

where  x  is  given  in  atmospheres. 
For  3  atmospheres  we  have 

A  =  -  1.124  + 1.46  X  3  -  0.1  x  9  =  2.356  meters. 

These  values  should  not  be  exceeded  for  good  feeding,  other- 
wise the  water  drawn  up  enters  the  condensing  chamber  with 
small  velocity,  and  less  may  be  famished  than  is  required  for 
feed.  In  general,  we  allow  the  water  to  enter  with  about  10  to 
20th  part  of  the  velocity  which  it  possesses  at  E.  If  we  denote 
then  the  velocity  in  the  suction  pipe  by  n^  we  have 

Hence,  the  cross-section  F^  of  the  suction  pipe  should  be 
10  or  20  times  as  great  as  that  of  E.  If  this  is  Fxy  we  have 
F2  =  102^1  to  20i^i.  If  we  denote  the  diameter  by  c^  and  that 
of  E  by  diy  then 

^  =  10^  to  20^, 
4  4  4 

or 

i\  =10  to  20. 


© 


If,  therefore,  we  know  the  velocity  u  with  which  the  water 
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enters  the  condensing  chamber,  we  can  find  the  pressure  f^ 
as  soon  as  we  know  the  height  of  snction  h  Thus  we  haye, 
Equation  LXXVIL, 

^=^(r-^(r  — A    or 

^=-^-^-2j-5 ^^-^ 

where  pi  and  p^  are  given  in  kilograms  per  sq.  meter.  If  jh 
and^  are  given  in  atmospheres,  and  tr  =  0.001,  we  have 

__  10334  -  lOOOA  -  Sl'if 
^ ""  10334 

or 

^  =  1  -  0.097A  -  O.OOSw'.    .    .    .    .    (CL) 
If,  for  example,  A  =  1.3  meters,  and  t«  =  3  meters, 

^  =  1  -  0.097  X  1.3  -  0.005  x  9  =  1  -  0.1711  =  0.83  atmos. 

is  the  pressure  in  the  condensing  chamber. 

As  soon  as  pi  is  known,  we  have  the  velocity  of  efflux  w  of 
steam 


w 


If  we  have  dry  saturated  steam  m  =  1.135,  and 


w 


=  1305.83  |/^[l_(^A^    "•'1.     .     (cni) 


If  the  steam  contains  10  per  cent  water,  m  =  1.125,  and 


w 


=  135iy^[l-(^)'"'"  ].    .    (CIV.) 
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On  account  of  resistances,  we  may  put 


w 


=  1324.5  y  i^y  [l  -  (^)  ^  1.    .    (OV.) 


m-l 


where  1  —  f  —  j        is  given  in  Table  IV. 

Since  now  we  can  either  calculate,  or  find  by  experiment,  the 
steam  weight  used  per  second  by  a  projected  or  existing  steam 
engine  of  given  horse  power,  we  can  determine  by  Equation 
XCrV.  the  steam  weight  required  by  the  injector,  if  we*  fix 
upon  the  temperature  of  the  mixture  of  cold  water  and  steam 
furnished  by  the  boiler,  and  know  the  temperature  of  the  in- 
jection water.  If  we  denote  the  steam  quantity  in  kilograms 
required  by  the  injector  by  O^  and  i|  the  specific  steam  volume 
in  the  boiler  is  v,  we  have  for  the  area  jF\  of  the  orifice  (7, 
from  Equation  LXY., 

*        w  \pj         w    '    \p  J 

» 

i 

The  diameter  d^  of  this  orifice  is  then 


dl  =  A/^^^  =  l.mVF^. 


EXAMPLE. 

The  steam  pressure  j7  in  the  boiler  is  6  atmospheres,  the  height  of  suction 
A  =  1.75  meters.  The  condensing  chamber  is  on  a  level  with  the  boiler-water 
level.  The  engine  uses  7.5  kilograms  of  steam  per  minute  (page  458).  What 
should  be  the  area  of  the  mouthpiece  0  in  a  Giffard  injector  ?  what  of  the  suc- 
tion pipe  F  and  the  pipe  E,  when  the  feed  water  has  a  temperature  of  15°,  and 
the  mixture  of  water  and  condense(}  steam  40"  ? 

The  velocity  u^  of  the  water  in  j^  is,  Equation  LXXXIII., 

u,  =  14.67  Vp^^l  =  14.67  yT=  2&M  meters. 

7  5 
Since  the  engine  requires  per  minute  7.5,  or  per  second  -j^  =  0.125  kilograms, 
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this  is  the  feed.    Since  the  mixture  of  steam  and  water  has  a  temperatnze  of  40", 
we  have  from  Equation  XCIV., 

G^n      0.126       w  -  40 


G   "■     a    ""40-15* 

Kow  W  =  606.5  +  0.805/,  and  t  for  5  atmospheres  is  152.22,  hence  Tr=  650.88 
and 

0. 125  _  650.98  -  40  _c^^ 
a    -         25  -'**•**• 

Henoe  the  steam  weight  iised  per  second  by  the  injector  is 

Q  =  ^^  =  0.00512  kilograms. 

We  have  then,  flowing  through  E,  0.125  +  0.00512  =  0.180  kUograms  of 
water  at  40^*.  Since  1  kilogram  occupies  the  space  of  0,001  cubic  meter,  0.130 
oocupies  0.000180.    If  the  area  of  ^  is  ^,  then 

Fui  =  0.000130, 
Since  u,  =  29.84. 

F  =  0.00000448  sq.  meter. 

If  <{  is  the  diameter, 

~  =  0.785rf«  =  0.00000448,    or    d  =  2.4  milHmeters. 
4 

If  we  take  the  diameter  of  the  suction  pipe  5  times  as  large, 

d^  =  12  millimeters. 

If  d^  is  5d,  the  water  flows  -j^  as  fast  in  the  suction  pipe  as  in  J^,  or  fans  a 

29  84 
velocity  of  -^,r- =  1.174  meters.      Hence  the  pressure  Pi,  in  the  condensing 

chamber,  is  from  Equation  CI., 

Pi=l-  0.097  X  1.76 -  0.005 (1.174)«, 
or  taking  into  account  resistances  in  the  suction  pipe, 

^1  =  1  -  0.097  X  1.75  -  0.01  (1.174)*  =  0.82  atmos. 

Kow  we  can  And  the  velocity  to  with  which  the  steam  passes  C,    If  it  con- 
tains 10  per  cent,  water,  we  have  from  OY . 


fv  =  1324.5 


VA^-iffl 
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Since  »  =  aju  +  tf  =  0.90  X  0.863  +  0.001  =  0.828,  and  ^*  =  —  =  0.164,  we 

have  from  Table  IV.,  1  -  (?^  "    =  0.1728,  and  hence 


-©■  = 


w  =  1824.6  ys  X  0.828  x  0.1728  =  706.96  metera. 

The  croesHBection  F^  ot  Cis  now 

„       0.00512  X  0.328        ^  ,^,       ^  .^v^... 

^  = 755:9a -*-  ^-1^21  =  0.0000131,  and 

dj^  =  1.129^^7=  1.129  X  0.00362  =  4.09  millimeterB. 

SemarL — ^Although,  as  has  been  remarked,  the  injector  is  a 
good  feed  apparatus  for  boilers,  and  is  to  be  preferred  to  ordi- 
nary pumps,  this  is  by  no  means  the  case  when  the  apparatus 
is  simply  used  for  raising  water.  The  steam  passing  C  has  a 
much  greater  velocity  than  the  water  in  -E  The  condensed 
steam  particles  experience  then  a  sudden  change  of  velocity. 
There  is  thus  impact,  by  which  a  large  part  of  the  living  force 
of  the  steam  is  lost  and  does  not  contribute  to  useful  effect. 
By  this  impact  there  is  indeed  heat,  but  as  in  the  present  case 
we  have  to  do  only  with  outer  work,  this  is  of  no  account. 
The  application  of  steam  in  such  a  case  is  no  more  advan- 
tageous than  would  be  its  application  in  the  case  of  an  impact 
or  reaction  wheeL 


CHAPTEE  XXTTT. 


SUPEBHEATED     STEAM. 


What  we  nndersiand  by  superheated  steam  has  been  already 
specified  in  Chapter  XTV.  As  to  saturated  steam,  we  know  that 
it  obeys  different  laws  from  those  which  govern  permanent 
gases.  The  question  arises,  whether  the  same  holds  true  for 
superheated  steam  ?  This  is  in  part  true,  at  least  in  the  -vicin- 
ity of  the  point  of  saturation,  that  is,  where  it  passes  into  satu- 
rated steam,  superheated  steam  differs  in  its  deportment  from 
the  permanent  gases.  Only  when  it  is  far  removed  from  this 
point  are  its  properties  the  same  as  air  or  other  of  the  so-called 
permanent  gases.  In  the  case  of  air,  for  example,  we  have 
learned  that  it  Qxpands  ^l^  =  0.00366  of  its  volume  for  each 
degree  rise  of  temperature.  Saturated  steam,  on  the  other 
hand,  when  heated  apart  from  water,  under  constant  pressure 
from  100  to  llO"",  expands  6  times  as  much  as  air,  and  for  fmv 
ther  heating  from  110  to  116.6,  126.5  and  186.1°,  it  expands  re- 
spectively, 4,  3,  and  2  tinies  as  much.  It  follows  that  only  at  a 
considerable  distance  from  the  point  of  saturation  is  the  deport- 
ment of  superheated  steam  that  of  a  gas.  When  it  has  arrived 
at  this  state,  we  have  the  same  uniformity  in  expansion  which 
we  have  for  gases,  and  the  formulsa  for  gases  apply. 

This  deportment  of  saturated  steam,  and  of  superheated 
steam  near  the  point  of  saturation,  can  only  be  explained  on 
the  supposition  that  the  molecules  are  more  strongly  attracted 
than  those  of  permanent  gases,  but  that  this  attraction  de- 
creases the  more  the  steam  is  superheated,  or  the  farther  it  is 
from  the  point  of  saturation.  If,  then,  superheated  steam  ex- 
pands under  constant  temperature,  the  heat  imparted  is  not 
equal  to  the  outer  work,  as  is  the  case  with  air,  but  rather 
more  heat  is  necessary  in  order  to  force  the  molecules  apart  or 
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to  decrease  their  mutual  attraction.  If  this  heat  is  not  added, 
the  temperature  cannot  remain  constant,  but  the  heat  required 
for  this  inner  work  must  be  furnished  by  the  steam  itsell 


Illustration  by  Diagram  of  Saturated  and  Superheated  Steam, — 
Let  OAy  Fig.  86,  be  the  volume  (S)  of  one  kilogram  of  satu- 
rated steam  at  100°,  and  AJB 
the  corresponding  pressure 
of  1  atmosphere.  Then  B 
is  a  point  in  a  curve  of  con- 
stant steam  weight.  liDiDi 
is  this  curve,  we  have  for 
the  volume 

OA  =z  S  =U'{-  (T  cub.  m. 

If  0(7  is  the  volume  of  the 
steam  for  a  less  temperature 
and  CD  the  pressure,  D  is 
also  a  point  in  the  curve, 
and 

00  =  Si  =  %  +  0",  etc  Fio.  85. 


^AHP 


If,  therefore,  from  any  point  E  of  the  curve  DiDi  we  let  fall 
EFf  we  have  the  pressure  for  any  temperature.  This  last  can 
be  found  directly  from  Table  II.,  or  calculated  from  the  formula 
of  Magnus  (page  369).  In  like  manner  OF  gives  to  the  scale  of 
abscissas  the  volume  corresponding  to  this  pressure  and  tem- 
perature. If,  now,  we  suppose  a  point  G,  between  the  curve 
DiDi  and  the  axis,  this  corresponds  to  a  mixture  of  steam  and 
liquid.  The  perpendicular  OH  gives  the  pressure,  but  OH  is 
not  the  specific  steam  volume  (volume  of  one  kilogram),  but  the 
specific  volume  of  the  mixture,  which  we  denote  by 

Since  we  can  determine  GH  in  the  same  way  as  EF^  and 
since  for  each  pressure  the  value  of  u  is  known,  and  since  OH 
gives  Vyxis  given  by 

V  —  o" 


x  = 


u 
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If  we  wish  to  find  ike  specific  steam  volume  for  the  pzessure 
OH^  it  is  only  necessary  to  draw  a  parallel  to  OX  through  O  tiU 
it  intersects  DiD^  and  a  perpendicular  from  this  point  cats  off 
upon  OX  the  required  volume.  All  points,  therefore,  between 
i>i  A  ftnd  the  axes  are  points  which  relate  to  a  mixture  of  steam 
and  water.  For  each  of  the^  points  there  is  a  curve  of  con- 
stant steam  weight 

If  we  take  a  point  /  on  the  other  side  of  DiD^  this  relates  to 
superheated  steam.  The  perpendicular  IK  gives  the  pressure 
and  OjSrthe  corresponding  steam  volume.  Since  ZS'is  greater 
than  LK^  the  pressure  for  the  same  volume  of  saturated  steaoi, 
the  temperature  must  be  higher.  If  we  draw  IM^  M  is  that 
point  for  which  saturated  steam  of  the  same  pressure  possesses 
the  less  volume  ON.  The  farther  I  is  from  the  curve  i>i2>i,  the 
more  is  the  steam  superheated,  and  the  more  perfectly  the  for- 
mulsB  for  perfect  gases  apply. 

The  Law  of  Eirru — ^We  suppose  in  a  space  v,  1  kil<^;ram  of 
saturated  steam  confined.  Let  it  flow  into  a  vacuum^  or  con- 
ceive the  vessel  enlarged.  Then  the  steam  will  occupy  a 
greater  volume,  and  be  no  longer  saturated.  By  this  operation 
no  outer  work  is  performed.  In  the  case  of  gases,  as  we  know, 
the  temperature  would  be  constant,  since  there  is  no  disgr^a- 
tion  work.  Their  inner  work  is  then  unchanged.  Now  Him 
asserts  (Zeuner,  Mech.  Warmetheorie,  page  435),  that  for  steams 
cdsoy  from  the  point  of  saturation  up  to  that  where  they  have  the  de- 
portment of  gaseSy  the  inner  wore  must  he  constantf  when  they  ex- 
pand in  a  vacuum^  or  adiahatically  without  performing  ovter  work. 

There  is  indeed  no  reason,  from  the  standpoint  of  the  mechan- 
ical theory  of  heat,  for  calling  in  question  the  truth  of  this 
principle.  Now,  we  know  that  the  so-called  isodynamic  curve 
is  that  which  gives  the  change  of  condition  when  the  inner 
work  is  constant.  This  curve  then  must  give  the  deportment 
of  steam,  when  it  expands  in  a  vacuum,  from  its  point  of  satu- 
ration up  to  that  where  it  coincides  with  a  gas  in  its  properties. 

Him  concludes  further  that  the  law  of  this  curve  is  given  by 

pv  =  piVi  :^  PaV^,  etc, 
that  is,  by  the  same  equation  which,  in  the  case  of  gases,  gives 
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the  isothermal  carve.  U,  starting  with  this  principle,  we  cal- 
culate the  specific  volame  of  superheated  steam  for  various 
temperatures  and  pressures,  we  find  certainly  a  very  satisfac- 
tory agreement  with  experimental  results.  That  the  principle 
cannot  be  perfectly  valid  will  appear  from  the  following :  We 
have  already  seen  (page  420)  that,  as  shown  by  Zeuner,  the  law 
for  the  isodynamio  curve  of  saturated  steam  is  given  very  ex- 
actly by 

pv^  =PiVi^  =  etc., 

where  n  =  1.0466.  Although  this  value  of  n  is  indeed  not  far 
from  1,  it  follows  that  saturated  steam,  when  it  expands  but  a 
very  little,  or  is  but  little  superheated,  cannot  suddenly  pass 
into  a  condition  where  the  equation 

holds  good.  Near  the  point  of  condensation,  therefore,  the 
isodynamic  curve  of  steam  must  follow  a  somewhat  different 
law  from  Him'e.  It  thus  seems  justified  when  we  assume  that 
in  the  adiabatic  expansion  of  saturated  steam  in  an  empty- 
space,  the  law  of  change  of  condition  is  given  by 

where  the  value  of  n  changes  from  n  ==  1.0456  to  n  =  1,  which 
corresponds  to  a  perfect  gas. 

GalciHation  of  the  Specific  Vdume  of  Superheated  Steam  by 
JEKm^s  Law. — ^Let  BF  be  the  curve  given  by 

pV  =  p^Vi  =  P2V2, 

or  the  isodynamic  curve  of  superheated  steam  according  to 
Him.    We  have  then 

P  'Pi  'Pi  =  V2:vi:v. 

Through  B  pass  the  curve  GG  oi  constant  steam  weighi 

Suppose  one  unit  weight  of  steam  at  say  5  atmospheres 
tension  {p)  to  expand  in  a  vacuum,  so  that  the  pressure  p2 
at  the  end  is  only  1  atmosphere.    Then,  according  to  Him, 
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the  entire  inner  work  for  the  pressure  p%  is  eqiud  to  that  at  f. 

Denote  this  inner  work  by  Ui*    The  line  Ui  U^,  parallel  to  OX, 

intersects  GGatU^  This 
line,  then,  gives  the  law 
according  to  which  sata- 
rated  steam  of  1  kilogram 
and  volume  v^  expands 
under  constant  pressure  to 
v^  and  thus  passes  into 
the  superheated  condi- 
tion. If  the  specific  heat 
is  Cp,  and  if  we  assume  that 
Cp  is  constant  during  the 
expansion  (which,  accord- 
ing to  Begnault's  experi- 
ments, is  nearly  true),  and 
X  if  the  absolute  temperature 
at  Ui  is  T2,  and  at  Uu  T^, 
we  have  for  the  heat  im- 
p».  w.  parted 

The  change  in  inner  work  caused  by  this  heat,  measured  in 
heat  units,  is 

A{U,^Ui\ 

and  the  outer  work  performed  is 


or  in  heat  units 


Now,  according  to  Him's  law,  the  inner  work  Ui  in  the  state 
2)2^2  is  equal  to  that  in  the  state  pv,  or  equal  to  that  at  B.    As 
soon  as  we  know  p,  then  Uior  q  -\-  pis  known.    We  also  know 
then  the  inner  work  in  the  state  piViy  U^  or  jj  +  /v 
We  have  thus 


Hence 


^  (Ml  -  «<j)  =  5  4-  p  -  (72  +  ft). 

Cp  (Ti  -  r,)  =  y  +  p  -  (ft  +  p^  +  Api{v^  -  V4). 
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But  now  p2^2  =P^f    or    v^  =  ■^. 

Hence 

CpiT,-  T,)  =  q  +  p-  {q,  +  p,)  +  Ap,  (^  -  ^) 

=  (7  +  P  -  ((72  +Pi)  +  ^  (jw;  -jhVi) 

=  J  4-  p  -  (f/a  +  p,)  4-  ^  (F^  -i?4t^i)- 

But  v  =  2*  +  (T    and    ^4=^4  +  o". 

Hence 

Ci,(ri -  r,)  =  ?  +  p- ya-Pa  +  ^i?(w  +  (r) -4^4(1^4  +  ff) 

=  ?  +  P  +  -4p^  —  (?2  +  P2  +  -<4p4«4)  +  Apff—  Api(T. 

Now  g  4-  p  4-  Apu  is  the  total  heat  IT  of  1  kilogram  of  steam  in 
the  state  pVy  and  ^2  4-  Pj  4-  -^294^4  is  the  total  heat  W^  in  the  con- 
dition ^94^4.    We  have  then 

Cp{T^^T,)=W-W2'i'A(r(p^p,).    .    (CYL) 

Instead  of  Ti  —  71,  we  can  put  U  —  t^^    Further 

Tr=  606.5  4-  0.306^,    and     TF,  =  606,5  4-  0.305^j,  hence 

W-  TT,  =  0.305  (^  -  4). 
We  have  therefore 

<^p  ih  -  ^)  =  0.305  (^  -  Ai)  4-  A(T{p  -pi). 

If,  then,  the  specific  heat  Cp  is  known,  we  have  for  the  super- 
heating of  the  steam  alone  U^Uif 

^^^^0.305{t-^t,)^Acr(p^p,)^    .    (CVIL) 
and  for  the  temperature  of  the  superheated  steam  in  the  state 

^=<,4-Q'^Q^^^^^)+^^^^-^>  ,  (CVm.) 

^p 
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Our  formula  then  gives  us  the  temperature  ti  of  superheated 
steam,  when  saturated  steam  of  any  pressure^  and  temperature 
t  expands  in  a  vacuum,  down  to  the  pressure  p^-  We  can  find 
from 

pv=ihtv^ 

the  volume  V2  of  the  superheated  steam  of  the  pressure  ]^ 
If  we  subtract  the  volume  v^  of  saturated  steam  of  the  same 
pressure  pi  ^p^  we  can  find  by  how  much  the  volume  v^  of  this 
steam  must  be  heated  under  constant  pressure,  apart  from 
water,  in  order  that  it  may  have  the  volume  v^  An  example 
will  make  this  clearer. 


EXAMPLK 

We  have  1  kilogram  of  dry  saturated  steam  of  ^  =  8  atmospheres.  What 
temperature  will  it  have  when  it  expands  in  vacuo  down  to  1  atmosphere  ?  How 
many  degrees  must  saturated  steam  of  1  atmosphere  be  heated  under  constant 
pressure,  in  order  that  for  the  same  temperature  it  may  have  the  same  volame  ? 

For  j>  =  8  we  have  t  =  183.91"  ;  for  pt  =  1,  /,  =  100%  According  to  Ee^ 
^  nault,  Cp  =  0.4805,  hence 

.        .^  _  0.805(133.91  -  100)  +  tJt  x  0.001  x  2 
'»""^""-  6:4805  '       • 

or 

<,  =  100  +  21.63  =  121.68% 


The  temperature  then  falls  from  133.91  to  121.63,  or  12.28°. 
Since  no  outer  work  is  performed  in  the  expansion,  this  loss  of 
vibration  work  must  be  ascribed  entirely  to  the  disgregation 
work. 

The  specific  volume  v  for  ^  =  3  is 

v  =  t*  +  (T  =  0.587, 
hence  we  can  find  v^  from  pv  =  ^t?2,  or 

pV  3   X   0.687         -i   r7n^  !.•  X 

t?a  =  ^—-  = ^ =  1.761  cubic  meters. 

The  volume  is  then  three  times  as  greai  The  speoifio  vol- 
ume of  saturated  steam  of  the  pressure  jp^  =JP4  =  1|  is  1.650. 
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If,  then,  saturated  steam  at  1  atmosphere  is  heated  under  con- 
stant pressure,  until  its  temperature  is  121.63'',  that  is  until  it 

1  7fil 
is  raised  21.63,  its  volume  is  t-ttftt  =  1.067  times  increased. 

1.660 

If  we  disregard  in  our  formula  the  member  A(X  {p  —  j^s)*  we 

have  the  very  simple  equation 

^^^^0.305  (^-^) ^^^^ 

Cp 

If,  for  example,  we  know  from  experiment  what  volume  v% 
one  kilogram  of  saturated  steam  of,  say,  1  atmosphere  tension 
assumes,  when  heated  from  ^  =  lOO*"  to  ^°,  we  can  find  the 
temperature  t  which  1  kilogram  of  saturated  steam  must  posK 
sess  when,  in  expanding  in  vacuo  and  cooling  to  ^,  it  has  the 
same  volume.    Thus 

Thus  Him  found  that  saturated  steam  of  1  atmosphere,  when 
heated  under  this  pressure  to  148.6'',  occupies  a  space  of  1.87 
(=  fj)  cubic  meters.  How  great  must  be  the  temperature  t  of 
that  saturated  steam  which,  after  expanding  in  vacuo  down  to 
1  atmosphere,  shall  have  the  same  temperature  and  volume  ? 

We  have         t  =  (L^-g  - 100)  0-f05  +  30-5  ^  ,,g  ^.^ 

0 

This  temperature  corresponds  to  a  pressure  of  9.20  atmos- 
pheres. The  specific  volume  of  this  steam  is  0.203  cubic  me- 
ters. SiDce  at  the  end  of  expansion  the  pressure  must  be  1 
atmosphere,  we  have  from  pv  =  p^c^ 

9.20  X  0.203  =1  X  Vi,    or    v^  =  1.87  cubic  meters, 

or  exactly  as  found  by  Him. 

By  means  of  our  formulas  we  can  also  find  what  volume  1 

kilogram  of  saturated  steam,  of  given  pressure,  has  when  it  is 

superheated  to  any  degree  under  constant  pressure.    Suppose 

we  have  1  kilogram  of  saturated  steam  at  3  atmospheres,  whose 

SB 
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temperature  is  133.9"*,  and  tliat  we  heat  it  30''.    What  Tolome 
will  it  then  have  ? 
We  have 

^  _  (163.9  -  133.9)  0.4806  +  133.9  x  0.305  _  .q.  o 
' 0306 ^ ^^^^ 

# 

ThiB  temperature  of  ISLS""  corresponds  to  a  pressure  of  about 
10.25  atmospheres,  and  a  specific  volume  of  0.184  cubic  meters. 
We  have  then  for  the  volume  v%  required  (jw  =  p%v%J9 

10.25  X  0.184  =  3i;2,    or    v,  =  0.629. 

If  then  1  kilogram  of  saturated  steam  at  3  atmospheres  is 
heated  30%  it  expands  from  0.586  to  0.629,  or  0.043  cubic 
meter.  It  follows  that  saturated  steam  of  a  high  pressure  ex- 
pands less  for  a  given  superheating  than  that  of  lower  press- 
ure. We  see,  also,  that  we  cannot  use  our  formula  for  great 
degree  of  superheating  and  high  pressures,  because  t  soon  be- 
comes so  great  as  to  exceed  the  limits  of  our  Table  IL 

Let  us  turn  once  more  to  our  figure.  Suppose  1  kilogram 
of  saturated  steam  in  the  condition  V2'p^  and  assume  that  it  is 
heated  under  constant  volume  v^  If  the  temperature  is  t%  and 
becomes  by  heating  f^,  we  can  find  the  specific  heat  for  constant 
volume.    Thus  the  heat  imparted  is 

Since  no  outer  work  is  performed,  this  heat  increases  the 
inner  work.  The  inner  work  of  1  kilogram  of  saturated  steam 
in  the  condition  V2Pi  is  ^s  +  Ai  =  <^  ^^^  ^  the  condition  j^t^ 
ft  +  P8  =  Ji. 

Hence 

Now  the  inner  heat  J^  is  the  inner  heat  at  J?,  according  to 
Him's  law,  which  we  denote  by  J.    Hence 

or 

c.=f^ (cxn.) 
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We  have  found  above  for  the  specific  yolume  v^  of  1  kilogram 
heated  under  1  atmosphere  21.63°,  v^  ^  1.76.  Saturated  steam, 
which  by  expanding  in  vacuo  has  this  temperature,  must  have 
a  pressure  of  3  atmospheres,  or  a  temperature  of  133.91''.  For 
this  temperature  we  have  the  inner  work  c7=  604.47.  This  in- 
ner work  is  possessed  by  the  1  kilogram  of  steam  after  expan- 
sion, when  its  pressure  is  p^  =  1.  We  find  from  Table  IL 
what  temperature  saturated  steam  possesses  whose  specific  vol- 
ume is  1.761.  We  find  by  interi)olation  about  98.9°.  For  this 
temperature  U  we  have  e^a  =  ffs  +  /^  =  596.67.    Hence 

_  60447- 596.67  _^Q^o 
^^   121.63-98.9    -"•^^• 

More  exact  calculation  gives  0.347. 

Just  as  for  gases,  then,  the  specific  heat  for  constant  volume 
is  less  than  for  constant  pressure.    The  ratio  Tc  is 

,      Cp      0.4805      1  QQ^ 

*  =  ^.=  a34r  =  ^-^®^- 

Him  has  found  for  various  degrees  of  superheating,  the  spe- 
cific volume  of  steam  expanding  under  constant  pressure,  the 
following  experimental  results : 

100°  t;,  =  1.65  (saturated).  162°  t;2  =  1.93 

118.5            1.74  200  2.08 

141               1.85  205  2.14 

148.5            1.87  246  2.29 

With  these  data  Zeuner  has  computed  by  Equation  CVJ-LL  a 
table,  in  order  to  see  how  far  calculation  agrees  with  experi- 
ment^ and  thus  to  test  the  validity  of  Him's  law. 
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gPECmC  VOLUME  AKD  TEMPERiLTUBE  OF  SUPERHEATED  SIEAM 

AOCOBDINa  TO  ZEUNBB. 


Atmos. 

V,  =  1.65 

<=100 

p=% 

1.72 

118.1 

8 

1.76 

121.6 

4 

1.79 

128.1 

6 

1.83 

188.4 

6 

1.84 

137.8 

7 

1.86 

141.8 

8 

1.87 

14ff.8 

9 

1.89 

148.5 

10 

1.90 

151.4 

11 

1.91 

154.1 

13 

1.92 

156.7 

13 

1.93 

159.1 

14 

1.94 

161.8 

If  we  compare  the  numbers  in  this  table  with  the  experi- 
mental  results  of  Him,  we  find  a  good  agreement 


APPENDIX  TO  CHAPTEB  XXm 

THEOBT  OF  SUPEBHEATED  STEAM. 

Zeu5EB  has  deduced  a  formula  for  superheated  steam*  which  holds  good 
equally  well  for  saturated  steam  also,  which  enables  us  to  find  easily  the  volume 
from  the  pressure  and  temperature,  or  inversely,  and  which  agrees  very  closely 
with  experimental  results.    We  give  here  an  abstract  of  his  article. 

The  formula  to  which  the  discussion  conducts,  is 

where  B  and  C  and  k  are  constants,  whose  values  are 

^  =  ^\l     f       <^  =  0.4805,      *  =  1.888,      C=  192.50, 

and  p  is  given  in  kilograms  per  square  meter,  and  v  in  cubic  meters.    We  see 
that  this  equation  differs  from  that  for  permanent  gases 

pv  =  ET 

t-i  

only  in  the  term  Cjp  *    ,      or      C^p> 

If  we  use  this  formula  for  saiuraUd  eUamy  since  for  a  given  pressnie  there  is 
bnt  one  cortesponding  temperature,  we  have  only  to  insert  the  given  p  and  oor* 
responding  t,  and  we  can  calculate  v,  the  specific  volume.  The  specific  volumes 
thus  calculated  agree  perfectly  with  those  calculated  from  the  mechanical  theory 
of  heat,  within  ordinary  limits  of  pressure,  from  1  to  14  atmospheres,  as  we  shall 
see  in  the  following  discussion.    . 

To  use  the  formula  for  superheated  steam  for  a  given  pressure,  we  can  find  v 
for  any  desired  temperature  greater  than  the  corresponding  temperature  for  sat- 
urated steam.  Volumes  thus  calculated  agree  very  closely  with  those  given  by 
Him's  experiments,  as  will  be  seen  hereafter. 

The  formula  is  thus  perfectly  reliable,  and  enables  us  to  solve  many  practical 
problems  which  otherwise  are  incapable  at  present  of  solution.    The  importance 

*  Zeitschrlft  des  Vereins  deutochcr  Ingenlenre,  Bd.  Xt.,  p.  1,  I860. 
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of  such  a  formula  cannot  be  overestimated,  and  we  therefore  devote  a  few 
pages  to  a  presentation  of  Zeuner^s  method  of  deduction.  We  shall  have  occa- 
sion to  use  the  Calculus,  but  that  need  not  deter  any  reader  from  satisfjring 
himself,  at  least  as  to  the  reliability  of  the  formula,  and  familiarizing  himself 
with  its  use. 

It  has  been  often  observed  that  the  use  of  superheated  steam  instead  of  sat- 
urated in  the  steam  engine  possesses  special  advantages.  Observations  and  ex- 
periments, among  which  those  of  Him  hold  a  high  place,  point  decisively  to  this 
conclusion,  and  indicate  that  engines  working  with  superheated  steam  are  more 
economical  in  fuel,  and  must  oome  more  and  more  into  favor. 

For  more  than  a  decade  experiments  to  determine  the  advantages  of  super- 
heated steam  have  been  made,  especially  in  America  ;  and  when  wo  consider  the 
extremely  favorable  results  of  Wethered  with  mixtures  of  saturated  and  super- 
heated steam,  it  seems  remarkable  that  the  use  of  superheated  steam  has  not  had 
a  more  extended  application. 

Apart  from  certain  practical  difficulties  in  the  application  of  highly  super- 
heated steam,  we  may  find  an  explanation  of  this  in  the  fact,  that  although  all 
experiments  thus  far  have  proved  the  advantages  of  the  use  of  superheated  steam, 
yet  the  degree  of  advantage  is  uncertain.  The  results,  in  this  respect,  are  veiy 
contradictory,  and  some  are  very  properly  received  not  without  incredulity. 

In  such  a  state  no  amount  of  experiments  can  avail,  because  the  question  can 
only  be  decided  by  a  thorough  knowledge  of  the  physical  properties  of  steam  in 
general.  A  theory  of  superheated  steam  is  also  of  great  scientific  importance. 
We  know  at  present  only  the  deportment  of  such  steam  at  its  two  limiting  states, 
viz.,  at  its  point  of  condensation  when  it  passes  into  the  saturated  condition,  and 
in  the  highly  superheated  state  in  which  its  properties  coincide  with  those  of  a 
permanent  gas. 

The  formulas  of  the  mechanical  heat  theory  for  these  two  conditions  are  en- 
tirely different  both  in  construction  and  method  of  deduction,  and  thus  far  it  hss 
not  been  possible  to  deduce  from  the  equations  for  saturated  steam,  or  for  steam 
and  liquid  mixtures,  those  for  permanent  gases  or  reversely,  or  to  represent  the 
deportment  of  steam  in  transition  from  one  to  the  other  of  the  limiting  condi- 
tions. 

Theoretical  investigations  upon  the  deportment  of  superheated  steam  have, 
thus  far,  been  made  by  Him  only.  In  what  follows  we  shall  present  the  resolts 
of  our  own  investigations^  together  with  applications  to  the  most  importint 
technical  problems.  We  shall  confine  our  discussion  to  sttem  of  water,  bnt 
there  will  be  no  difficulty  in  extending  the  method  to  other  steams. 

Prdifninary  Investigation. — We  denote  by  v  the  specific  volume,  t.  e.,  the 
volume  of  the  unit  of  weight  (one  kilogram)  of  steam,  by  p  the  specific  pressure 
(pressure  in  kilograms  per  sqiu&re  meter),  and  by  t  the  temperature  Centign^e. 
If  pressure  and  volume  are  given,  we  can  easily  determine  whether  in  any  given 
case  we  have  to  do  with  pure  saturated,  or  superheated  steam,  or  with  a  mixture 
of  steam  and  liquid.  For  saturated  steam,  whose  volume  we  shall  denote  by  Vp 
pressure  and  volume  stand  in  a  known  determinate  relation,  and  from  the  prin- 
ciples of  the  mechanical  heat  theory  we  can  calculate  the  volume  v  correspond- 
ing to  the  pressure  p.  If  we  lay  off  for  pure  saturated  steam  (without  admixture 
of  water)  the  volumes  as  abscissas  and  the  corresponding  pressures  as  ordinatesi  we 
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obtain  a  cnrre  JDD  of  constant  steam  weight,  which  I  call  '^  the  limiting  curve," 
the  course  of  which  we  shall  investigate  hereafter.    For  everj  point  of  this  curve, 
or  for  OTery  pressure  there  is  a  cor- 
responding determinate  absolute  tem- 
perature T] ,  known  by  experiment. 

If  now  in  any  given  case  we  lay 
off  the  volume  of  the  unit  of  weight 
as  abscissa,  and  the  pressure  as  ordi- 
nate, and  the  point  thus  found  falls 
on  the  limiting  curve,  wo  know  that 
we  have  to  do  with  pure  saturated 
steam.  If,  however,  the  point  a  falls 
in  the  space  between  the  limiting 
curve  and  the  co-ordinate  axes,  we 
have  for  the  same  pressure,  the  same 
temperature  7,,  but  a  less  volume. 
We  have,  therefore,  a  mixture  of 
steam  and  water.  The  steam  is  of  the  same  character  as  before.  If  a;  is  the 
specific  steam  quantity,  »'.  a.,  the  weight  of  steam  in  the  unit  weight  of  mixture, 
then  X  —  xSa  the  weight  of  the  water,  and  if  <^  is  the  specific  volume  of  the  water 
the  volume  t/  of  the  mixture  is 

v'  =  a:t;,  +  (1  —  a;)tf, 


Fia.  88. 


and  from  this  we  can  easUy  calculate  the  mixture  ratio  x  for  the  given  volume  ^f. 
If,  again,  the  point  faUs  in  the  space  outside  of  the  limiting  curve,  as  T,  we 
have  to  do  with  superheated  steam.  In  this  case  the  temperature  T>  Tx,  and 
is  not  given  by  the  pressure/?  alone,  but  depends  also  upon  the  volume  v.  This 
relation 

r=-F(p,t») 

is  t^t  which  thus  far  is  unknown  for  superheated  steam,  and  it  is  this  which  we 
shall  first  deduce.  We  shall  call  this  relation  the  equation  of  condition,  or 
"  condition  equation."  Thus  far  it  has  only  been  assumed  that  the  condition 
equation  takes  the  form 


jw  =  JBr 


(1) 


which  holds  good  for  permanent  gases,  in  which  12  is  a  constant  depending  upon 
the  kind  of  gas,  when  the  point  T,  in  Fig.  88,  lies  very  far  from  the  limiting 
curve,  that  is,  when  the  steam  is  highly  superheated. 

In  the  deduction  of  the  condition  equation  for  superheated  steam,  we  make 
use  of  the  following  principle  of  the  mechanical  heat  theory.  (See  Appendix  to 
Chap.  V.) 

If  the  pressure  p,  and  the  volume  v,  are  given  for  the  unit  weight,  and  the  body 
expands  or  is  compressed  adiabatically,  the  end  of  the  ordinate  describes  a  curve 
A^Af,  Fig.  80,  called  the  adiabatio  curve.  If  the  body  is  in  the  condition  a^, 
given  by  the  pressure  p,  and  the  volume  Vj,  the  point  a^  lies  upon  a  second 
adiabatic  curve  A^A^,    If  the  body  pi^es  from  the  condition  a,  to  the  condi- 
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tion  a),  and  if  heat  dQ  is  the  heat  imparted  or  abstracted  during  an  infinitely 

small  change  of  condition,  then  /  -^  is  constant,  no  matter  how  the  presBore 

p  changes  with  the  Yolnme  v  during  the  transfer,  that  is,  no  matter  what  the 
curve  a^a^  may  be,  wherever  the  point  a^  may  be  on  the  first  adiabatic,  or  the 
point  a  J  on  the  second.  This  quantity  we  have  called  the  "  heat  weighty"  and  for 
the  sake  of  simplicity  we  denote  it  by  P.  Let  ns  now  determine  the  heat  weight 
for  a  miztore  of  water  and  steam. 

In  the  nnit  of  weight  of  miztore  let  there  be  x  kilograms  of  steam  at  the 
pressure^  and  tension  U  Let  e  be  the  specific  heat  of  water,  which,  aooofding 
to  Begnault,  is 

c  =  1  +  a00004/ +  O.OOOOOOQ^* (2) 

and  let  r  be  the  total  latent  heat,  which,  according  to  Regnanlt,  is 

Y    A^    ^    Af  y-,eoe  5^.0.805/ -/*««.     (3) 

then  we  have,  according  to  Claafflus, 


dQ-edi^rTd 


(.)• 


If  we  diride  both  sides  \rj  A%  and 
pot,  for  the  sake  of  simplicity, 


rcdi_ 
J  T  " 


.    (4) 


we  have,  using  the  inddx  2  for  the  condition  at  and  1  for  a^, 


^-/#  =  2[('-'-^)-('.-'*)]--- 


(5) 


If  we  assume  that  the  transfer  takes  place  along  the  limiting  curve  DD,  as 
shown  in  Fig.  88,  we  have  for  this  curve 


a?i  =  aj,  =  1, 


and 


AP 


= ('■*?,)-('-'«) 


•    •    •    •    •    (6) 


and  this  can  be  easily  calculated  for  given  initial  and  final  temperatares. 


For  the  sake  of  simplicity  we  put  <p  =  r  -h  -^ 

and  then 

AP=i  <px  —  9>t. 


(7) 


(8) 
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TJsiiig  Equations  (2),  (8)  and  (4),  we  haye  calculated  q>  as  given  by  (7)  £or  a 
number  of  yalues  of  the  pressure,  and  placed  the  results  in  column  3  of  the 
following  Table  I. 

We  pass  now  through  the  two  points 
Tt  and  T^  of  the  limiting  curve 
DD^  Fig.  90,  the  two  adiabatics  A^ 
and^,.  The  course  of  both  curves 
is  nnknown,  since  they  extend  into 
the  space  corresponding  to  super- 
heated steam.  If  now  we  heat  the 
saturated  steam  at  the  temperature 
2},  under  constant  pressure  Pf  =  p, 
until  we  reach  the  second  adiabatic  at 
the  point  T,  we  have  for  the  heat 
weight,  when  the  specific  heat  Cp  is 
taken,  aa  constcmty 


-n-f 


T, 


CpdT  _  Cp^  ,      T_ 

AT  '^  A  ^  r,  • 


Since  the  heat  weight  from  7f  to  Ti  is  the  same,  we  have 


<cP  log  jr  =  ^1  -  ^« 


W 


This  formula  holds  good,  to  be^  sure,  only  under  the  express  assumption  that 
<^  the  specific  heat  of  steam  for  constant  pressure,  is  constant.  That  this  as- 
sumption is  allowable  is  shown  by  the  experiments  of  Begnault.  He  finds  by 
four  experiments 

dp  =z  0.46881,  0.48111,  0.48080,  0.47968, 

and  considers  only  the  first  of  these  values  not  entirely  reliable.  We  have  then 
for  the  mean 

Cp  =  0.4805, 

and  this  value  of  Cp  for  steam  we  shall  assume  in  all  further  discussions.  We 
shall  see  further  on  that  this  hypothesis  of  the  constancy  of  the  value  of  the  spe- 
cific heat  for  constant  pressure,  and  the  assumption  of  the  correctness  of  Beg* 
nault's  experimental  values,  are  justified. 

By  the  aid  of  Equation  (9)  we  can  find  easily  the  temperature  T  of  super- 
heated steam,  when  the  temperatures  T2  and  Ti  are  given,  or  by  taking  different 
values  for  Tf  can  calculate  for  a  number  of  points  of  the  adiabatic  through  T^, 
the  temperature  T  of  the  superheated  steam.  Such  a  proceeding  would  lead  to 
little,  and  the  actual  course  of  the  curve  Ai  would  be  in  no  way  known.  We 
must  rather  transform  Equation  (9).  If  we  add  and  subtract  Cp  log  Ti  on  the 
left  side,  we  have 


T  T 

Cp  log  Y=  <Pi  -  ^%  -  <^p  log  jr 


ao) 
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T 
From  this  we  can  find  the  ratio  -=-  for  two  points  upon  the  same  adiabalic 

Ai,    If  this  curve  answered  to  a  permanent  gas,  we  should  havB  between  press- 
ure and  temperature  of  both  points  the  relation 


^=(1;) 


k 

OD 


where  h  is  constant  and  denotes  the  ratio  of  the  specific  heat  of  the  gas  for  con- 
stant pressure  to  that  for  constant  yolume. 

I  make  now  the  hypothesis  thai  for  superheated  steam,  w  at  least  for  water- 
steamy  Equation  (11)  also  holds  good,  and  that  here  also  k  is  constant,  but  the 
previous  signification  of  h  no  longer  holds  for  superheated  steam.  The  following 
mathematical  discussion  must  fix  the  more  general  significance  of  the  value  of  h. 

Substituting  Equation  (11)  in  (10),  we  have,  since  in  the  entire  discussion,  as 
shown  in  Fig.  90,  the  pressure  j)  is  identical  with  j»t» 

Jfc-l  k-x 


<P\  +  «f  log  ^ —  =  <Pi  +  <V  log  ~T~' 


and  hence  it  follows,  in  case  of  the  correctness  of  our  hypothesis,  generally  the 
value 


k-\ 
<P  +  «;.  log  ^-^ 


for  saturated  steam  must  be  a  constant.    If  we  denote  this  constant  by  g>09  we 
have  instead  of  (7) 

T 
<p=zeplog  -YZTi  +  <Pq (12) 

p  * 

That  this  formula,  with  a  proper  choice  of  the  constants  h  and  <po«  actually 
gives  the  values  of  <p  with  great  exactness,  may  be  shown  by  the  following  calcu- 
lations. 

We  take  A?  =  f  =  1.8888,  hence  — ~  =  i  =  0.25,  and  tpo  =  1.0938.     Then 

in  common  logarithms 

<p  =  0.2766  logio  —- 1.0988 (18) 

P 

where  j)  is  in  atmospheres,  and  the  temperature  to  be  taken  from  Begnanlt's 
Tables. 

The  agreement  of  the  values  of  <p,  as  given  by  this  formula  and  by  (7),  is 
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shown  in  the  following  table.  The  agreement  might  be  made  still  greater  by 
taking  k  a  little  diif erent  from  f ,  but  for  the  sake  of  simplicity  in  numerical  cal- 
culations, we  retain  this  round  number. 


TABLE  I. 


1 

9 

8 

4 

PreMiHts 

Temperatnre 

^ 

in 
Atmos. 

Cent  according 
to  Reffnaalt, 

T 

According 
to 

P- 

Eq.  (18). 

0.1 

46.21 

1.9548 

1.9588 

0.2 

60.45 

1.8929 

1.8912 

0.5 

81.71 

1.8116 

1.8111 

1 

100.00 

1.7519 

1.7520 

2 

120.60 

1.6940 

1.6946 

8 

188.01 

1.6612 

1.6619 

4 

144.00 

1.6884 

1.6891 

5 

152.22 

1.6209 

1.6217 

6 

159.22 

1.6071 

1.6076 

7 

165.84 

1.5955 

1.5958 

8. 

170.81 

1.5856 

1.5858 

9 

175.77 

1.5769 

1.5769 

10 

180.81 

1.5691 

1.5691 

11 

184.50 

1.5626 

1.5621 

12 

188.41 

1.5568 

1.5557 

18 

192.08 

1.5506 

1.5508 

14 

195.58 

1.5454 

1.5445 

The  great  probability  of  the  correctness  of  our  hypothesis  may  also  be  shown 
in  the  following  manner  : 

If  we  differentiate  Equation  (12),  we  haVe 


,  dt  k  —  1  dp 


.    .    .    (14) 


If  we  differentiate  Equation  (7),  we  have,  with  reference  to  the  value  of  r  as 
given  by  Equation  (4) 


d<p  =  l   (c  +  ^-JL)di. 
T\dt        t) 


The  expression  in  the  parenthesis  is  the  same  as  that  which  we  have  called 
(Chap.  AVll.,  page  406)  the  specific  heat  of  saturated  steam  for  constant  steam 
quantity,  and  denoted  by  /i.  We  can,  therefore,  easily  calculate  it.  We  have 
l^en 


rf9'=^«« 


(18) 


« 
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The  union  of  (14)  and  (15)  gives  then 

We  can  use  this  f  onnula  as  proof  of  the  correctness  of  our  hypothesis. 
Thus  we  have  for  steam  at  the  temperatore  0%  100%  200", 

*  =  -  1.0166,     -  1.1888,     -  0.6766. 

We  have  from  Begnault's  f onnnla,  which  giyes  the  relation  between  presBore 
and  temperature, 

^  =  19.520,    18.844,    9.861. 
pat 

Inserting  these  values  in  (16),  and  «««"ming  e^  as  constant,  and  aooordiiig  to 
Regnault  0.4805,  we  find  for  hy  for  the  above  temperatures, 

X;=  1.8484,    1.8862,    1.8284. 

If,  on  the  other  hand,  we  take,  as  we  have  done.  A;  =  |  =  1.8888,  we  have 
from  Equation  (16), 

<Tp  =  0.49897,    0.48514,    0.46255, 

and  the  mean  of  these  is  0.4805,  or,  strangely  enough,  exactly  Begnault's  mean 
value. 

From  the  preceding,  then,  we  conclude  that  the  quantities  Cp  and  k^  even  if 
future  exact  investigations  may  show  that  one  or  the  other,  or  both,  are  variable, 
vary  very  slowly,  and  may  at  present  be  assumed  as  constant,  with  the  values  as 
given  above.  The  results  of  the  following  investigations  will  further  Justify 
these  assumptions. 

Deduction  of  the  Equation  of  Condition  for  Superheated  Stea/m.^-The  "con- 
dition equation  "  must  give  the  relation  between  p,  v,  and  ^,  or  r=  273  + 1.  If 
we  consider  the  absolute  temperature  as  a  function  of  the  pressure  and  volume, 
we  have 


■"•=  (f )  *  -  (f)^  - 


since  we  can  replaoe  dT  hy  dty 


'^^=  (!>•-(£>«' <^'^ 
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The  fondamental  equatioiis  of  the  mechanical  heat  theory,  as  given  by  Zeu- 
ner»  are 

^=4[*(^)]-^[-(l)] '^' 


---<-• .>(^)  (I) 

*« = "•  (I)  *  + '^  (£)  "" 

d<i  =  epdt-AT{^'\dp 


.    .    (H.) 


.  (in.) 


If  we  divide  tiie  last  eqnatioii  bj  T,  we  haTe 


dQ  M        .  fdv\. 


iQ  ,.  ,. 


But  aooording  to  the  notation  of  Equations  (5)  and  (8),  -~  is  identical  with  d<p, 
and  for  this  latter  we  have  found  according  to  (14) 

dt  h"!  dp 

Comparing  th^se  two  expressions,  we  have  for  the  first  new  relation  for  super- 
heated steam 


Cp 


(dt\  _   Akp 


(18) 


Inserting  this  in  Eqimtton  I«,  we  have,  since  Cp  and  k  are  constant^ 


and  hence  by  integration 


"(1)=^^ <"> 


wherein  we  assume  indeed  that  the  constant  of  integration,  which  in  general  is  a 
function  otp,  is  zero.  This  assumption  will  be  justified  by  the  correspondence  of 
calculated  results  with  those  of  observation  hereafter. 
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li  we  make  use  of  (18)  and  (10)  in  Equation  II.,  we  haye,  alter  easj  transfor- 
mation, 

=  1  -|-  Op ,■  "3 

e^  ^      k       Apv 


=  l+<?;>^   T/^    -rznr (20) 


If  we  determine  (h  from  Uus  and  insert  in  (19),  we  have 

while  Equation  (18)  giyee 

dv  ^  e,.(k-l) ^^ 

The  substitntion  of  these  two  in  Equation  (17)  giyes  then 

and  /Ai9  is  ^^  differenHal  equaHmi  of  the  eqitcUion  of  eonditum  for  auperheaUd 
steam. 

This  can  be  integrated  easily.    We  have  then 

pv=zBT-Cp   * ^) 

where  B  und  C  are  constants,  and 

Now,  for  superheated  steam,  we  have  from  the  preceding  Cp  =  0.4806  and 
k  =  1.888.  Hence  B  =  50.988.  The  other  constant  can  be  easiij  determined,  as 
we  shall  soon  see. 

Equation  (24)  is  the  condition  equation  for  superheated  steam.  By  means  of 
it,  when  any  two  of  the  quantities />,  t;,  and  T  are  given,  the  third  can  be  found. 

It  difFers  from  the  equation  for  permanent  gases  only  in  the  term  Cp  t   ,  which 
becomes,  for  superheated  steam,  C  J^p . 


Teet  of  t?^  New  Equation. — ^If  the  equation  for  superheated  steam  is  correct, 
it  must  hold  for  the  limiting  condition  also,  that  is,  when  the  steam  is  in  the  sat- 
urated condition.  It  should  therefore  give  the  specific  volume  of  saturated  steam 
when  we  substitute  for  a  given  pressure  p  the  corresponding  temperature  t 
This  leads  us  at  once  to  the  value  of  the  constant  C. 

Thus  the  mechanical  theory  of  heat  gives  for  saturated  steam  of  <me  atmos- 
phere tension  [p  =  10884),  and  t  =  100%  or  7=  878%  the  volume  v  of  (me  kilo- 
gram, V  =  1.6506  cubic  meters.  Using  these  values  in  Equation  (24),  we  find 
C  =  193.50. 
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If  now  the  equation  is  correct,  it  should  give  the  specific  volume  of  saturated 
steam  for  all  other  pressures.    How  far  this  is  so  is  shown  by  Table  II. 

The  second  column  gives  tiie  specific  volumes  for  various  pressures,  according 
to  the  mechanical  theory  of  heat.  The  third  colunm  is  calculated  from  Equa^ 
tion  (24).  It  is  to  be  remarked  that  the  values  given  for  B  and  C  hold  good 
when  the  pressure^  is  given  in  kilograms  per  sq.  meter.  If  we  wish|»  in  atmos- 
pheres, we  have 


pv  =  BT-'  C\/p 
P  =  0.0049287,    and*  C  =  0.187fel5 


^     •    .    •     . 


m 


G 


i/T 


The  table  contains  also,  in  the  last  column,  the  values  of  -^  ^p,  of  which 

use  will  be  made  in  what  follows. 

We  see  that  the  agreement  is  very  satisfiictory,  and  that  we  can  use  the 
above  equation  for  pure  saturated  steam.  Only  for  pressures  of  less  than  one 
atmosphere  is  the  deviation  of  any  account.    For  such  pressures,  however,  the 


TABLE  11. 


Pref«aro 
in 

Specific  Volnme  of  Saturated 
Steam 

Values  of 

c 

Atmo?. 

by  Mech. 
Theory  of  Heat 

by  Eq.  (84). 

B  V> 

0.1 

14.562 

14.677 

21.429 

0.2 

7.548 

7.588 

25.488 

0.5 

8.171 

8.181 

82.048 

1 

1.6504 

1.6506 

88.106 

2 

0.8598 

0.8588 

45.816 

8 

0.5874 

0.6861 

60.161 

4 

0.4484 

0.4474 

68.891 

5 

0.8686 

0.8680 

66.982 

6 

0.8064 

0.8060 

59.640 

7 

0.2652 

0.2650 

61.988 

8 

0.2889 

0.2889 

64.087 

0 

0.2095 

0.2096 

66.002 

10 

0.1897 

0.1900 

67.764 

11 

0.1735 

0.1789 

69.898 

12 

0.1599 

0.1601 

70.924 

18 

0.1488 

0.1489 

72.867 

14 

0.1888 

0.1888 

78.711 

values  in  the  second  column  are  not  entirely  reliable.  By  the  slightest  change  in 
the  constants  used,  we  might  also  produce  for  such  steam  still  better  agreement. 
It  would  only  be  necessary  to  do  as  Begnault  has  done  in  the  construction  of  his 
fcmhuLB  for  the  relation  between  pressure  and  temperature,  and  to  distinguish 
steam  of  more  than  one  atmosphere  pressure  from  that  of  less.  For  our  pur- 
poses it*  will  be  sufficient  to  retain  the  constants  as  given  already,  since  we  have 
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in  view  more  especially  the  needs  of  practice,  and  as  in  the  steam  engine  hi^er 
steam  pressures  are  coming  into  favor. 

From  Equation  (24)  or  (36)  we  now  can  easily  calculate  the  volume  of  super- 
heated steam  for  any  given  pressure  and  temperature.  If  we  take  i  =  100, 110, 120, 
etjO.,  and^  =  1  in  Equation  (26),  we  have,  for  example,  for  superheated  steam  of 
one  atmosphere  tension  the  following  values  for  the  8i)eGiflc  volume  : 


/  = 


100' 

t;  =  1.6506  cubic  meters. 

<  =  160' 

V  —  1.9468  cubic  meters. 

110 

1.6999 

170 

1.9956 

120 

1.7492 

180 

2.0449 

180 

1.7984    . 

190 

2.0942 

140 

1.8477 

200 

2.1435 

150 

.    1.8970 

210 

2.1927 

Him  has  observed  the  specific  volume  for  different  pressures  and  tempeiv 
atures.  The  following  table  shows  how  excellently  the  results  of  our  formula 
agree  with  his  experimental  results. 


Prcppure 
in 

Temperatare. 

Specific  Volume  in 
Cubic  Meters. 

AtmO:!!. 

V/. 

Hirn. 

Bq.O»). 

1 

118.5 

1.74 

1.7417 

1 

141 

1.85 

1.8526 

8 

200 

0.697 

0.6947 

4 

165 

0.4822 

0.4788 

4 

200 

0.522 

0.5164 

4 

246 

0.5752 

0.5781 

5 

162.5 

0.8758 

0.8781 

5 

205 

0.414 

0.4150 

If  we  calculate  for  the  same  pressures  and  temperatures  the  specific  volume 
v'  of  air,  the  ratio  of  v  to  t;'  gives  the  specific  weight  of  the  steam  with  reference 
to  air.  We  obtain  thus  for  one  atmosphere  and  the  temperatures  100%  150\ 
200%  the  specific  weights  0.6401,  0.6816,  0.6250,  that  is,  decreasing  with  increase 
ing  superheating. 

As  another  test  of  the  reliability  of  our  equation,  we  may  determine  the  co- 
efficient of  expansion  for  superheated  steam.  If  a  is  the  coefficient  of  expansion, 
we  have  for  gases,  according  to  the  Uw  of  Mariotte  and  Gay-Lussao, 


pv 


l^at 


Pxv^       1  +  a<i 
For  constant  pressure p  =  p^  and  hence 


a  =  —.- 


vtx  —Vit' 
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For  coDstftnt  Yolume,  i^  i  =  v,  and 

cc  =  -:=— =- , 

P^x   -Pi* 

The  first  formula  giTes  the  ooefficient  of  expansion  for  change  of  vohune,  the 
second  for  change  of  pressure.  If  we  pass  to  the  differentials,  we  have  for 
change  of  yolume 

«=-3r — <^^ 

dv 


and  for  change  of  pressure 


«=-s — ^ 


For  a  perfect  gas  both  formuljd  give  the  same  Talue,  a  =  0.008666,  but  not 
so  for  actual  gas  or  steam. 

If  in  Equation  (24)  we  put  for  T,  a-^-U  where  a  =  278,  and  differentiate,  re- 
garding  first «  and  then  p  as  constant,  we  haye 

dt  __pv 
^dH  ~5" 


t  — 1 
1_^ 

dp  "  B  '^  B     k 


dt       pv       C7  A?  - 1      -* 


These  Talues  substituted  in  Equations  (27)  and  (28),  and  replacing  pv  by  its  equiv- 
alent in  Equation  (24),  giye  us  for  superheated  steam  the  coefficient  of  expan- 
sion a  for  change  of  volume 

«= ^nm- (2») 

c    —r 

and  for  change  of  piessore 

«= — *  t.i m 

•     C      T- 

I 

These  two  values  are  therefore  different,  and  since  A;  >  1,  the  second  is  always 
somewhat  less  than  the  first    This  agrees  perfectly  with  R^gnault's  observations. 

Also  a  is  always  greater  than  -  =  0.006665,  which  is  also  confirmed  by  experi- 

ment.  Further,  a  is  greater  the  greater  the  pressure  p^  which  is  also  confirmed 
by  experiment.  R^gnault  has  observed  even  for  hydrogen,  which  approaches 
nearest  to  a  perfect  gas,  for  different  pressures,  somewhat  different  values  for  the 
ooefficient  of  expansion. 
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From  Equations  (39)  and  (80)  the  following  values  are  computed  for  different 
values  otpt  for  superheated  steam.  As  j)  is  given  in  atmospheres,  the  values  of 
„       ..      ,,*-!! 


Ul/O  OB   glTOU  J 

u  JUAjuoiavu  V*'^/  **''''  ua^uy 

-^      ifc      ~4  • 

Coefficient  of  Expansion. 

Change  of  Volome. 

Chtnge  of  Pressure. 

i?  =  0.1 

a  =  0.008975 

0.008892 

0.5 

0.004150 

0.004017 

1 

0.004257 

0.004090 

6 

0.004629 

0.004848 

10 

0.004872 

0.004501 

The  formuls  above  confirm  all  the  facts  with  reference  to  the  coefficients  of 
expansion  of  gases  and  steams  thus  far  made  known  by  experiment.  We  may 
consicfcr  this,  therefore,  as  a  further  proof  of  the  reliability  of  our  new  formula. 
We  can  deduce,  however,  a  new  result  from  (29)  and  (80),  viz.,  that  the  coefficient 
of  expansion  a  depends  only  upon  the  pressure,  and  not  upon  the  degree  of  snpe^ 
heating  or  the  volume.  There  are  no  observations  which  contradict  this  princi- 
ple. If  we  do  not  accept  it  in  its  full  generality,  we  must  at  least  admit  that  it 
is  exact  enough  for  superheated  steam  in  the  neighborhood  of  the  point  of  con- 
densation. 

We  may  now  finally  determine  more  closely  the  specific  heat  of  superheated 
steam  for  constant  volume.    For  perfect  gases  the  value  of  A;  is  identical  with  the 

ratio  -^.    This  is  not  so  for  steam.    Hero  we  have  Equation  (20) 


c*  '        k        Apv 

Making  use  of  Equations  (24)  and  (25)  we  have,  after  reduction. 


(jp              ^•-l 

.    .    .    (81) 

-■"-1+             t-i     •  •   • 

^      B  T 

By  means  of  this  formula  we  can  find*f or  any  given  condition  of  superheated 
steam  — ,  and  then,  since  Op  is  constant,  the  value  of  Cp.    We  see  at  once  from 

the  formula,  that  with  increasing  superheating  the  value  of  —  approaches  h.  For 

en     4 
small  pressure  and  very  great  superheating,  we  should  have  for  steam  -^  =  o^ 

and  hence  e^  =  0.8604,  and  this  latter  value  I  regard  as  the  specific  heat  of  steam 
for  constant  volume,  when  by  high  superheating  and  low  pressure  the  steam  has 
passed  into  the  condition  of  a  permanent  gas.    The  equation  also  shows  that  the 

latio  —  increases  and  Cv  diminishes  the  more  the  steam  approaches  the  satoiated 
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condition.    Thus,  for  example.  Equation  (31)  gives  for  saturated  steam  of  0.1, 
0.5,  1  and  5  atmospheres,  the  following  values  : 

p  =0.1  0.6  I  6 

^  =  1.858  1.3664  1.3713  1.3840 

<H;  =  0.3538  0.3516  0.3504  0.3470 

It  appears  striking  that  the  value  of  the  specific  heat  cv  for  constant  volume 
inerectsM  the  more  the  steam  departs  from  the  saturated  condition.  According 
to  the  usual  conceptions  of  gases  and  steam,  we  should  rather  expect  the  con- 
trary.   Further  investigations  must  confirm  our  result  and  explain  it. 

The  FundamerUdl  Equaiiona  of  the  Mechcvnieai  Theory  of  Heat  applied  to 
Superheated  Steam,— It  the  unit  of  weight  of  superheated  steam  is  given  with 
certain  pressure,  volume,  and  temperature,  the  imparting  of  the  heat  dQ  will 
cause  a  change  in  these  quantities.  The  Equations  III.  give  the  relations  gen- 
eraUj  which  subsist  between  these  quantities.  For  superheated  steam  we  have, 
when  we  make  use  of  Equations  (18)  to  (23),  from  these  general  equations 

dQ  =  j^  _  -^  (  vdp  +  hpdv  j 


(Tc  —  \  T  '  \ 
dt -  — ^—  -  dp\ 

dQ  =  ev(dt-^(k^r)-d^\ 


These  equations  do  not  differ  from  those  of  permanent  gases  in  form,  but  Cv  is 
here  variable  and  to  be  determined  by  Equation  (20),  while  for  gases  it  is  con- 
stant and  =  ~ . 
k 

If  the  change  of  state  is  reversible,  t.  t,,  if  during  the  change  of  volume  the 
steam  tension  j)  is  in  equilibrium  with  the  outer  pressure,  the  work  of  the  expan- 
sion dv  \spdv,  and  the  corresponding  heat  is  Apdv,  This  portion  of  the  heat  dQ 
goes  then  to  perform  outer  work,  and  the  rest  goes  to  perform  vibration  work 
(rise  of  temperature),  and  disgregation  work,  both  of  which  constitute  the  inner 
work.    If  we  denote  the  change  of  inner  work  by  dU^  we  have 

AdU=dQ-Apdv, 

or  repladng  dQ  by  the  first  of  Equations  (32), 

AdU^^j-^d(pv). (88) 
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Ihtegiating  this  from  a  given  initial  condition,  we  haTe 

The  diflerenoe  U—Uy  giyes  the  increase  of  inner  work,  and  A  (U—  27,)  is 
this  difference  measured  in  units  of  heat.  If  we  assume  the  initial  condition  to 
be  water  at  0%  and  let  J  stand  for  A  (CT—  Ui),  we  hare 


where  JnisA  constant  to  be  determined,  and  J  shows  how  much  more  heat  hi 
contained  in  superheated  or  saturated  stream  of  the  pressure  j)  and  Yolume  v,  than 
in  water  at  0\    We  have  called  J  the  <*  steam  heat." 

The  fOTmula  must  hold  good  both  for  superheated  and  saturated  steam.  For 
the  latter  we  know  already  how  to  determine  J,  and  thus  can  find  not  only  the 
Talue  of  Jo,  but  can  test  whether  Equation  (84)  holds  good  for  saturated  steam 
of  any  pressure. 

The  heat  of  the  liquid,  or  the  heat  necessary  to  raise  one  kilogram  of  water, 
under  the  pressure  j>,  from  0"  to  T  is 


=/'* 


where  e  is  from  Equation  (2) 

q  =  t+  0.00002i'  +  0.0000008^^ 

If  now  the  water  imder  pressure  ^. is  completely  changed  into  saturated  steam, 
the  inner  latent  heat  p  must  be  added. 
For  steam  we  have  given 

p  =  676.40  -  0791/. 

Now  for  saturated  steam 

Jz^q+p (85). 

Thus,  for  example,  for  saturated  steam  of  one  atmosphere,  j)  =  10884,  i  =  100% 
/=  606.80.  Inserting  this  value  in  Equation  (84)  and  taking  v  =  1.6606,  from 
Table  II.  we  find 

Jo  =  476.11. 

Using  now  the  values  of  v  in  Table  11.,  we  can  calculate  from  Equation  (84) 
the  values  in  the  last  column  of  the  following  Table  III.,  and  compare  with  those 
obtained  by  Equation  (86). 
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TABLE  III. 


Prewure 

8t«un  Heat  J  for  Satnntad 

in 

Steam. 

Atmoff. 

Bqaatton  (35). 

Bqnadon  <M). 

,  1 

696.80 

596.80 

2 

801.42 

601.62 

8 

604.47 

604.68 

4 

606.81 

606.97 

5 

608.78 

60a81 

6 

610.89 

610.88 

7 

611.86 

611.74 

8 

613.18 

612.96 

9 

614.88 

614.05 

10 

615.49 

615.05 

The  agreement  is  veiy  satisfMstoiy,  and  we  see  in  this  a  new  proof  of  the  reli- 
ability of  our  formula  for  the  deportment  of  superheated  steam. 

We  obtain  very  remarkable  results,  which  afford  further  confirmation  of  the 
correctness  of  our  formula,  when  we  insert  Equation  (24)  in  (84). 

We  have  then 


-'-t^-n(-i--> 


cr  using  the  value  of  B  in  Equation  (25), 


J  =  Jo  + 


I-  (^-  5^"^) 


(86). 


For  small  tension  j?  and  high  superheating  we  can  neglect  the  square  of  the 
quantity 


t-i 
C  p  t 

B     T   ' 


and  thus  obtain  from  Equation  (81) 


^  B    T 


If  we  determine  from  this-^,  and  insert  in  (86),  we  hare  for  the  same 
sumptions,  after  reduction, 

k-\ 

J=J,+  (i-^Pj-y„T (87). 
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For  yerj  low  tension  and  yerj  high  superheating,  in  which  case  the  steam 
passes  abnost  completely  into  the  condition  of  a  permanent  gas,  the  second  mem- 
ber in  the  parenthesis  may  be  neglected,  and  we  have 

J=  Jo  +  CtT, 

and  this  equation  is  the  same  as  we  actually  have  for  permanent  gases.  If  we 
put  as  above  J=:  AU,  where  Uis  the  inner  work,  then 

AdU=zCvdT, 

from  which  we  see  that  the  increase  of  inner  work  is  directly  proportional  to  the 
rise  of  temperature,  a  principle  laid  down  by  Clausius  in  his  Theory  of  Gases. 

Finally,  we  can  determine  for  superheated  steam  that  which  for  satniated 
steam  we  have  called  the  **  total  heat"  and  denoted  by  W,  for  which  B^;naalt 
gives  the  empirical  formula 

ir=  606.5 +  0.805/. 

This  is  the  heat  which  is  necessary  in  order  to  convert  the  unit  of  weight  of 
water,  under  the  constant  pressure  corresponding  to  the  steam  temperature/, 
completely  into  saturated  steam. 

If  we  suppose  superheated  steam  of  the  volume  v  generated  under  the  same 
circumstances,  the  work  done  during  its  formation  \a  p[v  —  (i)^  and  the  equiva- 
lent heat  is  4p(v  —  <Q»  if  tf  is  the  volume  of  the  unit  of  weight  of  water.  We 
can  neglect  6  with  respect  to  i;,  and  have  therefore  for  the  total  heat 

W=:J+Apo, 
or  from  Equation  (84), 

^=*^°  +  £^^ ^ 

Bef  erring  to  Equations  (24)  and  (25) 

Wr=J,  +  Cr  [T-^p    *     j (8»). 

where  J„  =  476.11. 

Since  this  equation  must  hold  good  also  for  saturated  steam,  we  should  have, 
in  case  this  behaved  like  a  permanent  gas,  C  =  0,  and  then 

W=Jo+e,T, 

and  the  comparison  with  Regnault's  formula  would  give  for  the  specific  heat  of 
steam  for  constant  pressure  ep  =  0.805,  which  has  been  obtained  by  Bantdne  in  a 
different  manner.  Equation  (80)  shows  clearly  the  reason  of  the  deviation  from 
the  correct  value  Cp  =  0.4805. 
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Values  of  W  calculated  from  Eqaatlon  (89)  for  Batniated  steam,  agree  rerj 
sataafactorily  with  those  found  by  Regnault's  formula.    Thus  we  have  for 


p=    0.5 

1 

6    atmos. 

by  Equation  (89),  W  =  681.15 

687.02 

658.05 

Begnault,              W  -  681.43 

687.00 

652.98 

Our  Equation  (89)  has  the  advantage  that  it  holds  generally  good  for  super- 
heated steam  also. 

Recapitulation  of  Formuim  Deduced  for  Superheated  Steam. — [Before  pass- 
ing on  to  applications,  we  shall  group  together  here,  for  convenience  of  reference 
and  for  the  benefit  of  those  who  wish  results  presented  in  compact  shape,  the  f or- 
muliB  deduced  in  the  preceding  for  superheated  steam. 

We  have  for  both  saturated  and  superheated  steam  the  equation 


jfc-i 

pv=iBT—  Cp  * 
where 


^  =  ?!!i*_i>,     c^  =  0.4805,     ifc  =  1.388  I 


•    .    (40)- 


and  hence  B  =  50.968,  C  =  192.50,  and  p  is  in  kilograms  per  sq.  meter. 
Up  is  in  atmospheres,  we  have 


pv-BT-C^ 
^  =  0.0049287,    jC=  0.187815 


I 


(41). 


We  have  for  the  ratio  of  0p  to  ^ 


^=1+        ^^l., (42). 


Cv 


.      Op  ^ 
B      T 


Here  we  can  take  p  either  in  atmospheres  or  kilograms  per  sq.  meter  according 
to  the  values  taken  of  C  and  B,  as  given  above.  For  saturated  steam  we  must 
insert,  for  any  given  pressure,  the  corresponding  temperaiure.  For  superheated 
steam  we  can  insert  any  desired  temperature  greater  than  this.  The  formuln  are 
quite  correct  within  practical  limits  (1  to  14  atmospheres). 

For  the  "  steam  heat "  we  have 


T      r  ^ 


j^j,^^{t-^P-^) 


(48). 


when  Jo  =  470.11,  and  jp  is  to  be  taken  in  kSograma  per  »q,  meten,  k  and  cr  ara 
the  same  as  always,  viz.,  A;  =  }  =  1.88S,  Op  =  0.4809. 
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For  the  "  total  heat," 

W=Jo  +  c,{t--^p"^J (44). 


were  jp  is  in  kilograms  per  sq.  meter,  and  Jo,  Cp^  and  h  as  above. 

The  "  heat  of  the  liquid  ''is  found,  as  always  when  the  temperatoie  is  known, 
by 

9  =  ^  +  0.00002/* +0.0000008/' (45). 

or  by  our  steam  tables. 

The  inner  latent  heat  is  found  by 

p  =  J-q (48). 

The  outer  latent  heat  by 

Apv=W-J (47). 

By  the  aid  of  these  formuhe  we  may  solve  problems  conoeming  superheated 
steiun  of  great  practical  importance,  and  which  heretofore  have  been  impossible 
of  solution.] 


APPLICATIONS. 

If  we  regard  our  equation  for  the  deportment  of  superheated  steam  as  oop- 
rect  (and  from  what  precedes,  the  great  probability  of  its  correctness,  at  least  for 
those  pressures  usual  in  practice,  seems  without  doubt),  we  shall  be  able  to  solve 
many  questions  otherwise  impossible  of  solution.  Especially  easy  of  solution  are 
those  problems  of  practical  importance,  and  a  theory  of  engines  working  with 
superheated  steam  presents  no  longer  any  diificulty.  We  shall  investigate  here 
a  few  of  the  most  important,  cases,  many  of  which,  by  reason  of  known  experi- 
ments in  relation  to  them,  will  serve  as  further  confirmation  of  the  practical  cor- 
rectness of  our  formulie. 

Adiabaiie  Cwrve, — ^If  the  unit  of  weight  of  superheated  steam  expands  per- 
forming work,  without  heat  being  added  or  abstracted,  the  adiabatic  curve  gives 
the  law  of  variation  of  the  pressure  with  the  volume.  This  curve  gives  also  ihi^ 
law  of  the  curve  of  expansion  of  the  indicator  diagram  of  a  steam  ei^ne  woildng 
with  superheated  steam.  If  the  initial  condition  is  given  by  j9,,  ti,,  Ty  (Fig.  91), 
and  the  final  condition  by  |7t,  v^,  and  T^,  we  can  find  by  Equation  (82)  the  rda- 
tion  between  these  quantities.  If  in  these  equations  we  maJce  dQ  =  0,  we  have 
by  integration 
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These  are  the  same  equations  as  for  permanent  gases,  only  there,  for  air  A;  = 
1.41,  while  in  the  present  case,  for  superheated  steam,  k  =  1.888. 

The  work  L  daring  expansion,  that  is,  the  work  of  each  unit  of  weight  of 
steam,  is 


=  I      pdv, 


or,  replacing  j>  by  the  relation  p^  =l>iVi^  > 


^-fi^['-(^)'"'] 


(49). 


where/?  is  m  kilograms  per  square  meter; 

The  application  of  this  formula  to  the  steam  engine,  supposes,  indeed,  that 
the  steam  remains  superheated  during 
expansion.  By  great  expansion  it 
may  happen  that  at  a  certain  moment 
the  8t»Bun  becomes  saturated,  and 
from  there  on  condenses,  so  that  the 
expansion  curve  is  different.  At  the 
moment  of  the  change,  the  adiabatio 
curve  cuts  the  limiting  curve  DD  at 
the  point  To  (Fig.  91).  The  pressure 
|>o  and  volume  Vq  for  this  point  can 
be  determined.  The  curve  DD  is 
given  by  Equation  XYl.,  Chapter 
XVII.,  via.  : 


Fto.  91. 


where  n  =  1.0646,  and  2>  =  1.704,  and^  is  in  atmospheres. 
Since  now  the  point  T^p^  Vq  is  in  both  curves,  we  have 


Henoe 


i>o<'o*=l>iVi*     and    p^iV^  =  D. 


1 


where  j7  is  in  atmospheres. 


Vo 


(50). 


This  equation  gives  us  the  expansion  ratio  — ,  for  which  the  superheated 
steam  just  reaches  by  expansion  the  point  of  saturation.  If  the  actual  expansion 
ratio  ^  is  less  than  this,  the  work  is  given  by  the  simple  Equation  (49).    If  it 

is  greater,  for  instance,  — -,  we  can  find  the  work  up  to  Tn,  by  putting  Vq  in 
place  of  t^,  in  Equation  (49).    From  Tq  to  T^  we  must  insert  in  Equation  (49) 


Vi 


V, 


PoVq  in  place  of  jpi^i,  and  -^  in  place  of  -^,  and  k  =  1.185  in  place  oi  k  =: 
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1.888,  as  has  been  shown  for  saturated  steam  originally  without  admixton  of 
water  (Chapter  XYIII.,  page  415,  and  Equation  XXXIII.). 

EXAMPLE. 

An  engine  works  with  superheated  steam  of  p,  =5  atmos.  and  temperature 
ii  •j=  180''.  What  is  the  expansion  ratio  when  the  steam  at  the  end  of  expansioa 
is  just  in  the  saturated  condition  ? 

The  specific  volume  of  this  steam  is  by  Equation  (26> 

Vi  =  0.89087. 
Equation  (50)  gives  then  for  the  required  degree  of  expansion 


liodynamie  Cfurve. — ^The  isodynamic  curve  gives  the  law  of  variation  of 
pressure  with  volume  where  the  inner  work,  that  is  for  steam,  the  steam  heat,  is 
constant.  If  the  initial  pressure  and  volume  are  pi  and  v, ,  we  have  from  Equa- 
tion (84) 

whence 

P}Vi  =pv (51). 

We  see  then,  that  for  superheated  steam,  the  isodynamic  curve  is  an  equi- 
lateral hyperbola,  precisely  as  is  the  case  for  permanent  gases. 
From  Equation  (86),  we  obtain  in  similar  manner 


c    -r^_       c   izJ 

from  which  we  can  find  the  temperature  T  for  any  pressure  p.  During  expan- 
sion and  fall  of  pressure  there  is  then  an  increase  of  temperature,  while  for  per- 
manent gases  the  temperature  remains  constant.  For  superheated  steam  the 
change  of  temperature  is 


(7  /    *zJ       *-t\ 


(52). 


This  last  formula  solves  an  interesting  problem.  If  a  vessel  filled  with  steam 
communicates  with  a  vacuum,  the  steam  expands,  and  after  it  has  come  to  rest 
will  be  superheated,  provided  it  was  originally  dry  and  saturated.  The  Equa- 
tions (51)  and  (52)  give  the  final  condition  j7,  v,  /,  for  the  steam  heat  is  evidently 
here  constant.  There  is.  therefore,  a  fall  of  temperature  during  expansion  into 
a  vacuum,  while  for  a  perfect  gas  there  is  no  change  of  temperature. 
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Let  a  yessel  oontaiD  one  unit  of  weight  of  pure  saturated  steam  at  a  preasnre 
^,  =  5  atmospheres.  Then  the  volume  is,  by  formula  or  tables,  Vx  =  0.3680, 
and  temperature  ^1  =  152.22'*.  Let  the  steam  in  this  vessel  expand  into  another 
in  which  is  a  vacuum,  whose  volume  is  4  times  as  large.  Then  the  final  volume 
is  Vg  =  5t;|,  and  hence  by  Equation  (51),  j)t  =  1  atmosphere.  From  Equation 
(52),  we  have  for  the  fall  of  temperature  (using  Table  U.), 

ty^U-  18.876- 

Hence  the  final  temperature  /,  =  188.84**.  As  this  is  greater  than  100"*  which 
is  the  temperature  of  saturated  steam  of  1  atmosphere,  the  steam  is  superheated. 

Isoifiermal  Curve, — If  the  steam  expands  under  constant  temperature,  the  law 
of  change  of  volume  with  pressure  is  given  by  the  isothermal  curve.  For  per- 
fect gases  this  curve  is  identical  with  the  isodynamic,  i,  e.,  it  is  an  equilateral 
hyperbola.    This  is  not  so  for  steam.     Here  we  have  T  constant  in  our  equation 

pv-BT-  Op  k  ^ 

and  henoe  the  relation  between/?  and  v  is  given  by  it. 
For  the  initial  condition 

and  by  subtraction 

pv=p^Vx■^C\f^   k    ^p  k  ) (68). 

This  is  the  equation  of  the  isothermal  curve  for  superheated  steam,  while  that 
of  the  isodynamic  is  given  by  Equation  (5l).  If  both  curves  starl^  from  the  same 
point,  the  isodynamic  approaches  the  axis  of  abscissas  most  rapidly. 

The  heat  Q,  which  must  be  imparted  to  the  imit  of  weight  of  steam  in  order 
to  keep  the  temperature  constant  during  the  transit  from  pitop,  is  found  by  the 
second  of  Equations  (82),  when  we  put  dT  =  0,  and  integrate.    Thus, 

Q  =  e,^--^Tlog-^ (54> 

The  change  of  steam  heat  (inner  work  measured  in  heat  units)  is  from  Equa- 
tion (86) 


(55). 


If  Zr  is  the  work  of  the  expanding  steam, 
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while  for  gases  Q  =  AL,  and  hence  we  say  that  in  this  latter  case  all  the  heat 
imparted  is  transformed  into  outer  work.  We  see  that  this  is  not  so  for  8ape^ 
heated  steam.  Here  only  a  portion  of  the  heat  Q  is  transformed  into  oater  work, 
the  rest  is  required  for  inner  work.    This  portion  is 


and  the  outer  work  is 


Both  quantities  may  be  calculated  from  the  initial  and  end  pressures. 

The  preceding  results  agree  perfectly  with  the  usual  conceptions  as  to  the  de- 
portment of  steam,  but  until  now  it  has  not  been  possible  to  determine  tiiat  po^ 
tion  of  the  heat  imparted  which  goes  to  perform  inner  work. 


EXAMPLE. 

* 

If  saturated  steam  of  5  atmospheres  expands  under  constant  temperatnn 
down  to  1  atmosphere,  the  heat  imparted  is  found  from  Equation  (54)  by  sub- 
stituting for  ^-^  =  1,  cp  =r  0.4805,  and  T  =  278  +  152.22.     We  thus  have 

Q  =  82.204  heat  units. 

From  Equation  (55),  we  haye 

J—J^  =6.808, 

and,  finally,  from  the  difference  of  Q  and  J-^Jy^  the  outer  work  measured  in 
heat  units        ' 

AL  =  75.401, 

or  the  outer  work  itself 

L  =  81970  meter-kilograms. 


OtnertUion  of  Steam  under  Constant  Pressure. — ^If  one  unit  of  weight  of 
saturated  or  superheated  steam  is  generated  under  constant  pressure  p  from 
water  at  0",  we  have  from  Equation  (89) 


/  C    *rJ_\ 


and  the  woik  done  is 

t-i 
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If  the  weight  G  of  steam  is  geoenited,  we  haye  for  the  heat  neoesaary 


and  the  work  is 


Q=a^Jo+Cr^T^^pH--^l (56). 


L^^GiBT-  Cp"*~  ). 


If  the  temperature  of  the  steam  for  the  same  pressare  p  is  T^,  and  if  the 
work  (or  the  volume  of  steam  generated)  is  the  same  as  before,  then  if  6^1  is  the 
weight  of  steam  generated 


/  C     *-*\  /  G     *-»\ 


(57). 


If,  therefore,  in  any  given  case  the  pressure  p  and  temperature  T^  are  given, 
and  we  wish  to  replace  this  steam  by  another  of  temperature  T,  we  can  find  by 
Equation  (57)  the  necessary  steam  weight  (?,  and  then,  by  Equation  (56),  the 
heat  requisite  Q, 

EXAMPLE.    ' 

Suppose  we  have  G^  kilograms  of  saturated  steam  of  p^  =5  atmospheres,  and 
/,  =  152.22*",  and  we  wish  the  same  volume  of  superheated  steam  at  the  same 
pressure  and  the  temperature  t  =  200**.  We  have  from  Equation  (57)  for  the 
weight  of  steam  required  (using  Tables  I.  and  II. )» 

6^  =  0.8852  6^1. 

The  heat  required  to  generate  the  saturated  steam  is,  from  Equation  (56), 

e,=  668.05  (?, 

For  the  superheated  steam  of  same  volume  and  pressure,  it  is 

Q  =  676.00  (?, 

or,  uang  the  relation  between  G  and  G^ , 

Q  =  0.9168  e, . 

The  generation  of  the  superheated  steam,  other  things  being  the  same,  re- 
quires less  heat  than  the  generation  of  the  same  volume  of  saturated  steam,  and 
here  lies  the  etdvantage  of  engines  working  with  euperJieiUed  eteam.  The  example 
just  given  serves  as  a  direct  comparison  between  engines  of  the  same  size  and 
speed  working  with  saturated  and  superheated  steam  of  5  aUnospheres  and  200**, 
provided  there  is  no  expanaion. 

There  would  be  no  difficulty  in  extending  the  comparison  to  expansion  en- 
gines also.    We  shall  only  remark  here,  that  for  such  engines  the  advanti^  of 
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superheating  is  somewhat  diminished,  because  the  adiabatic  curve  of  saperheated 
steam  approaches  the  axis  of  abscissas  somewhat  more  rapidly  than  that  for 
saturated  steam.  None  the  less,  superheating  is  in  all  circumstances  theoretb- 
ally  of  advantage. 

BecUing  under  Gonstant  Volume,  If  the  unit  of  weight  of  steam  is  heated 
under  constant  volume,  only  the  steam  heat  changes,  because  outer  work  is  not 
performed.    We  have,  therefore, 

Q  =  J-J, 
when  the  initial  condition  is  given  by p, ,  V|,  T",,  or  by  Equations  (34)  and  (36), 

or 

The  first  equation  gives  us  the  relation  between  the  final  pressure  p  and  the 
heat  imparted.     The  second  gives  us  the  final  temperature  T. 

The  preceding  problems  might  be  easily  multiplied.  We  can  easily  solve  for 
superheated  steam  all  the  examples  already  solved  in  this  book  for  saturated 
steam  and  gases. 

Of  especial  interest  are  the  phenomena  of  efflux  of  superheated  steam  through 
orifices  and  the  deportment  of  mixtures  of  steams.  For  lack  of  i^Mice  we  only 
call  attention  to  one  more  problem,  which  is  of  importance  because  we  have  in 
respect  to  it  experiments  which  afford  a  new  confirmation  of  the  correctness  of 
our  views  regarding  the  deportment  of  saturated  steam. 

Let  there  be  in  a  cylinder  A  superheated  or  pure  saturated  steam  of  pressure 
p,,  temperature  T^  and  volume  v, .  Let  it  be  forced  under  constant  pressure 
Pi  through  a  pipe  to  a  second  cylinder  B,  where  it  drives  back  a  piston  under 
the  less  but  constant  pressure  p,.  What  is  the  temperature  jT^,  and  specific  vol- 
ume Vf  when  equilibrium  is  attained  ? 

If  we  follow  the  unit  of  weight  of  steam  from  A  to  B,  we  have  at  the  begin- 
ning the  steam  heat  J^,  and  at  the  end  Jf.  In  A  the  work  isp,Vj,  and  in  P, 
PsV,.  The  first  work  causes  an  increase  of  the  steam  heat  Ap^Vi,  The  second 
a  diminution  by  AptV^,  We  have,  therefore,  if  heat  is  neither  imparted  nor  ab- 
stracted, 

Ji  +  ApiVi  —  ApiV^  =  Jf 

From  Equation  (84),  we  have 

A  A 

^^=^0  +  Fz:jl'i«'i»    and     J^,  =  Jo  +  j^  _  ^  PfV^' 

Hence,  after  reduction, 

PiVi=zpiVi (60). 

from  which  we  can  find  the  specific  Yolume  v,. 
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If  we  use  this  formula  in  Equation  (24),  we  have 

BTt  -Cp^  ^    =  BT^  -  Cpi  k 
and  hence,  for  the  fall  of  temperature. 


*^-h  =  ^(prT^P:~\ (61). 


B 


and  from  this  we  can  Und  the  temperature  /,. 

EXAMPLE. 

lipi  =18  atmospheres,  and  pt  =  1  atmosphere,  the  fall  of  temperature  is,  by 
Equation  (61)  and  Table  II., 

^  -  /,  =  T2.857  -  88.251  =  84,25^ 

If  the  steam  in  ^  is  saturated,  then  by  Table  I.,  ^  =  192.08%  and  hence 
/,  =  157.88\ 

If  the  steam  in  A  is  superheated,  and  has  the  temperature  ^,  =  200%  205**,  or 
210",  we  have  for  the  corresponding  temperatures,  since  for  the  same  pressures 
p,  and p2  the  fkll  is  the  same, 

<,  =  165.75,     170.75,    175.75. 

. 

Him  has  found  by  experiment,  for  the  first  case,  t^  =  155.58,  and  for  the 
other  three 

<,  =  166%    171.5%     177% 

The  agreement  with  calculation  is  entirely  satisfactory.  For  less  initial 
pressures  Pi,  the  differences  are  greater.  Thus,  when  in  all  cases  the  final  press- 
ure wasp,  =  1  atmosphere,  we  have  for 

Calcalatlon.  Hirn. 

p,  =  5  atmos.    /,  =  152.22    <,  =  138.84  187.73 

5  246  227.12  288.5 

8  188.91  121.87  128.4 

The  deviations  may  be  ascribed,  for  the  most  part,  to  the  uncertainties  and 
difficulties  of  the  experiments. 

The  preceding  case  occurs  when  steam  escapes  from  a  boiler  into  the  atmos- 
phere. The  temperature  t^  is  then  that  of  the  steam  after  it  has  expanded 
come  to  rest,  and  its  pressure  sunk  to  one  atmosphere.  Of  course  the  experi- 
ment cannot  be  so  tested,  because  the  cold  air  cools  the  steam  jet.  In  order  to 
avoid  this,  Him  let  the  steam  escape  into  a  wooden  box  surrounded  by  a  second 
box«  This  second  box  was  inclosed  in  a  third.  The  steam  passed,  after  filling 
the  first,  through  a  large  orifice  into  the  second,  from  this  into  the  third,  and 
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finally  into  the  air.  The  apertnrefl  were  so  Uu^  that  the  pressnre  in  the  famer 
box,  in  which  the  temperatuie  ix  was  observed,  hardlj  differed  from  the  exterior 
atmospheric  pressure.  It  is  yery  desirable  that  these  fine  and  ingenioiis  experi- 
ments of  Him  should  be  repeated  and  extended. 

Since  for  permanent  gases  C7  =  0  in  Equation  (61),  the  fall  of  temperature  in 
such  case  is  zero.  This  can  be  proved  from  the  formuls  m  Chapter  V.,  page 
154.  When,  therefore,  a  permanent  gas  flows  adiabatically  and  under  constant 
pressure  from  one  vessel  into  another  in  which  the  pressure  is  also  constant, 
there  is  no  change  of  temperature.  This,  of  course,  holds  good  only  for  a  perfect 
gas.  Actual  gases  shows  deviations  similar  to  steam,  as  shown  by  the  eipoi- 
ments  of  Joule  uid  Regnault. 

[The  problem  of  the  mixture  of  superheated  steam  with  saturated  steam  is 
one  of  considerable  importance.  It  is  often  the  case  that  only  a  porticm  of  the 
steam  passes  through  the  superheater  and  then  mixes  with  the  wet  steam  which 
comes  directly  from  the  boiler  on  its  way  to  the  cylinder.  This  takes  place  under 
constant  pressure,  and  heat  is  neither  imparted  noroibstracted. 

Suppose  we  mix  together 

6^1  kilograms  of  superheated  steam  in  the  condition  p,  v,,  and  T^,  and 
Gf  kilograms  of  wet  saturated  steam  of  the  pressure  p,  specific  volume  Vt» 
temperature  T^^  and  specific  steam  weight  x. 

Required  the  condition  v  and  Tot  the  mixture,  assuming  that  this  mixture  is 
either  superheated  or  dry  satureted,  %,  e.,  contains  no  water.  (If  we  assume  that 
the  mixture  is  wet,  we  can  solve  the  problem  in  a  precisely  similar  manner,  but 
the  case  does  not  occur  in  practice.)    ' 

We  have  for  the  total  heat  in  the  G^  kilograms  of  superheated  steam,  before 
mixture,  from  Equation  (39), 


W,  =  G^ 


Jo-^cJt,  -|p   *")!' 


and  for  the  total  heat  in  the  O^  kilograms  of  wet  steam,  before  mixture, 
TT.  =  Gt  po  +  Cj,  (^t-gP"^  )  -  (1  -  «)''"|  • 
The  total  heat  in  the  mixture  6^  =  6^^  -f  6^a  is,  if  it  is  dry, 

Since  heat  is  neither  imparted  nor  abstracted,  the  total  heat  after  equilibrium 
must  be  the  same,  hence 

or,  after  reduction, 

6^r=^ir, +  (7,^,-^,(1-0;)- ax 
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From  Equation  (24)  we  also  obtain,  after  reduction, 

Gv^O^Vx  -\-  G^Vt-BO^i,!-  x)— (3). 

From  these  two  equations  we  can  find  the  absolute  temperature  Tand  specific 
Tolume  V  of  the  mixture. 

For  the  change  of  volume  after  mixture,  we  haye 

Qv^G^v,-  G^v^  =  -  BGt  (1  -  re)  —     ....    (8). 

pcp 

For  a  given  pressure  then,  the  change  of  volume  is  directly  proportional  to 
the  originaUj  existing  weight  of  water,  Gt  (1  *-  x),  and  it  is  negative,  t.  e.,  there 
is  a  diminution  of  volume  by  mixing. 

In  most  practical  cases  it  is  required  to  find  for  given  values  of  G,  p,  T  and 
T,,  how  much  saturated  steam  G^  should  be  mixed,  in  order  that  the  resulting 
mixture  may  be  either  superheated  or  dry  saturated. 

We  find  from  (1)  diiectlj,  by  substituting  G^^G-G^ 

G.=         ^^--^^^     , ^,^ 

r.-r,  ~(l-a:)f 

If  the  (?,  kilograms  were  also  superheated,  we  should  have 


Wf  =  G,  po  +  Cp  (t,  -  ^p  "'^'XY 

and  henoe 

GT=GyT,  4-  G^T^ (5). 

Gv  =  G^Vx   +  GtVt (6). 

^*  -    r,-r«      ^^• 

If  the  Gt  kilograms  were  originally  dry  saturated,  we  should  have  in  (1),  (2), 
and  (3)  n;  =  1,  and  hence  we  should  have  the  same  equations  as  above,  only  in  the 
place  of  Vs  we  should  put  u,  the  ^)eciflo  volume  of  dry  saturated  steam  for  the 
given  pressure. 

In  these  two  cases  theie  is  no  change  of  volume.] 
35 
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ud— THE  MOBS  DCPOBTAKT  PBINCIPLBS  WHIOH  SHOULD  GOYEBN  THE 

GOKBTBUOnOK  OF  THE  STEAM  ENGINE. 

One  of  the  most  important  points  in  the  constmction  of  a 
steam  engine  is  that  it  shall  give  a  certain  deliyerj  with  the 
least  amount  of  fueL  This  depends  not  only  npon  the  propor- 
tions of  the  engine  itself,  but  also  upon  those  of  the  boiler. 
We  require  from  the  boiler,  first,  that  it  shall  absorb  as  much 
as  possible  of  the  heat  of  the  fuel  and  transmit  it  to  the  water. 
For  this  it  is  necessary  not  only  to  give  the  boiler  an  appro- 
priate shape,  but  also  to  construct  it  of  suitable  material 
Then  the  furnace  must  be  so  arranged  that  the  fuel  is  com- 
pletely consumed,  and  that  but  little  heat  shall  be  lost  by  radi- 
ation or  conduction.  Sometimes  one  of  these  conditions  is  in 
opposition  to  another. 

As  to  the  form  of  the  boiler,  that  is  to  be  preferred  which 
gives  for  given  capacity  the  greatest  heating  surface.  But  on 
the  other  hand,  this  form  should  give  the  necessary  strengtL 
The  first  Watt  boilers,  the  so-called  "  wagon "  boilers,  had  a 
tolerably  large  heating  surface,  and  answered  well  for  the  low 
pressures  then  in  use.  At  present,  when  higher  pressures  are 
used,  they  would  not  be  sufficiently  strong.  Hence  cylindrical 
boilers  are  now  used,  either  with  interior  or  exterior  fire-place. 

The  boiler  should  also  have  such  capacity  as  to  furnish  the 
steam  required  by  the  engine,  and  to  keep  the  engine  in  uni- 
form action.  For  this  reason  the  steam  used  per  stroke  should 
be  but  a  small  part  of  the  boiler  capacity.  In  general,  the 
steam  space  should  be  at  the  very  least  12  times  the  capacity 
of  the  cylinder.  In  order  that  the  heating  surface  may  be 
large,  the  water  should  occupy  a  certain  extent  of  the  boiler. 
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In  general,  the  water  space  is  -^^  of  the  entire  capacity.  In 
order  to  prevent  radiation,  the  boiler  may  be  coyered,  where 
exposed,  by  poor  conductors.  Boilers  are  sometimes  con- 
structed now  of  steel  plate  as  well  as  iron,  because  the  former 
is  not  only  stronger  but  has  a  greater  conducting  power. 

As  to  the  furnace,  care  must  be  taken  to  secure  complete 
combustion  of  fuel,  that  the  heat  may  be  absorbed  by  the 
boiler  sides,  and  that  but  little  heat  is  lost  For  complete 
combustion  a  certain  amount  of  air  is  essential  But  if  more 
air  than  necessary  is  used,  the  czicess  absorbs  a  portion  of  the 
heat,  of  which  indeed  a  part  is  given  up  to  the  boiler,  but 
another  part  escapes  at  the  chimney.  A  good  draught  is  also 
necessary.  This  will  be  greater  the  higher  the  chimney  and 
the  greater  the  difference  of  temperature  of  the  air  in  the 
chimney  and  the  cold  air  outside.  The  height  of  chimney  has 
a  limit,  both  by  reason  of  cost,  and  because  the  increased  fric- 
tion diminishes  the  draught  The  temperature  in  the  chimney 
should  not  be  too  great,  because  then  a  great  part  of  the  heat 
passes  off  unutilized.  It  has  been  sought  to  utilize  this  waste 
heat  in  the  chimney  by  making  it  heat  the  feed  water,  when 
ordinary  feed  pumps  are  used.  Engines  working  with  super- 
heated steam,  of  which  there  are  but  few,  use  this  heat  to 
superheat  the  steam. 

In  stationary  engines  the  grate  surface  is  a  certain  propor- 
tion of  the  heating  surface,  about  ^V  or  -fx  only.  In  locomo- 
tives this  ratio  is  still  less,  even  as  low  as  ^{V  or  less,  but 
here  there  is  a  strong  artificial  draught  It  is  thus  pos- 
sible with  a  boiler  of  relatively  small  capacity  and  weight 
(weight  of  boiler  with  water)  to  generate  in  a  short  time  a  con- 
siderable amount  of  steam,  a  property  which  is  of  importance 
in  locomotives  especially. 

The  ratio  of  the  heat  absorbed  by  the  boiler  in  a  given  time, 
as  one  hour,  and  which  can  be  determined  evidently  by  the 
amount  of  water  vaporized  in  that  time,  to  that  furnished  by 
the  fuel,  IS  called  the  efficiency  of  the  boiler.  The  heat  units 
furnished  by  the  complete  combustion  of  different  fuels  have 
been  determined  by  experiment  We  may  call  this  the  heat- 
ing value  of  the  fuel 

The  more  water  is  evaporated  in  a  given  time  by  a  given 
weight  of  fuel  the  greater  the  efficiency. 
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'Bjlamvlm  L — ^In  a  hoi-«ir  engnie  the  beat  IwrnSiAfd  per  hour  to  the  air  m 
6170  heat  units,  while  in  the  aune  time  4.565  kilog;nms  of  ooal  are  *'«m«"'"^, 
wboK  heating  Taiae  is  8500  heat  units.    What  is  the  fomaoe  cffidaicj  ? 

We  hare 

4.585  X  8500"   ^^ 
Theiefore  68  per  cent,  of  the  heat  is  lost. 

EzAXFLE  2. — ^The  boiler  of  sa  expansion  engine  which  uses  steam  of  5  almos- 
l^iereSy  r^iorizes  per  boor,  for  ererj  horBS  power,  80  kilograms  of  water,  and  re- 
qniies  for  this  5  kilograms  of  hard  coal,  whose  heating  power  is  7500  heat  units. 
What'is  the  boiler  efflciencj  ? 

If  we  assume  640  heat  units  to  1  kilognun  of  steam  at  all  presBuiea^  we  have 
80  X  640  =  19000  heat  units  imparted  to  the  water  per  hour  per  horse  power. 
The  5  kOognuDS  of  coal  give  7500  x  5  =  87500  heat  units,   flenoe  the  effidenc j  is 

19200  _ 
37500  " 

As  to  the  engine  itself,  the  first  requirement  is  that  for  a 
given  power  it  shall  use  as  little  steam  as  possible.  This  is 
accomplished  principally  by  using  the  steam  expansiyelj  and 
having  as  much  expansion  as  possible.  Since  the  counter- 
pressure  upon  the  piston  has  considerable  influence,  this 
should  be  as  small  as  may  be.  Where,  then,  water  is  plentiful, 
condensing  engines  are  of  value.  In  order  that  the  useful 
effect  for  a  given  steam  consumption  may  be  a  maximum,  the 
prejudicial  resistances,  friction,  work  of  the  pumps,  etc.,  should 
be  a  minimum.  These  conditions  require  the  construction  to 
be  simple.  If  we  use  high  steam  (7  or  8  atmospheres)  and  a 
high  expansion  (1  to  6  or  1  to  8)  the  use  of  the  condenser  offers 
less  advantage,  as  the  influence  of  the  back  pressure  is  rela- 
tively less,  and  two  pumps  must  be  worked  by  the  engine. 

While  seeking  to  reduce  the  cost  of  working  to  a  minimum, 
we  should  also  make  the  cost  of  construction  small.  This,  as 
well  as  the  cost  of  erection,  depends  upon  the  dimensions, 
which  we  must  therefore  make  as  small  as  possible.  This  may 
be  effected  by  the  use  of  high  steam,  and  also  by  rapid  action. 
As  both  these  increase,  the  cylinder  volume  becomes  less.  For 
a  rapid  engine,  the  fly-wheel  also  is  lighter  and  the  friction  of 
the  shaft  is  less.  Most  industrial  purposes  also  require  a 
high  velocity,  so  that  high  piston  speed  causes  simpler  gear- 
ing. 
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ToUd  Delivery — Useful  Effect — Effvciervcy. — ^By  total  delivery 
we  mean  the  work  ol  the  effeotive  steam  pressure,  or  pressure 
of  boiler  steam  minus  the  back  pressure  of  the  air  or  conden- 
ser. From  this  total  effect  we  haye  to  subtract  the  lossed  due 
to  difference  between  boiler  and  cylinder  pressure,  friction  of 
piston,  valyes,  etc.  The  difference  is  the  calculated  or  theo- 
retical useful  effect.  This  then  is  the  work  actually  imparted 
to  the  engine.  If  we  measure  the  work  done,  by  the  dyna- 
mometer, we  haye  the  actual  or  observed  useful  effect.  The 
inore  reliable  the  coefficients  used  in  determining  the  losses, 
the  better  the  agreement  between  the  calculated  and  the  ob- 
served useful  effect.  The  division  of  the  useful  effect  by  the 
total  gives  the  efficiency.  A  machine  is  more  nearly  perfect 
the  nearer  this  ratio  is  to  unity.  The  same  method  of  calcula- 
tion is  used  when  we  make  use  of  the  principles  of  the  me- 
chanical theory  of  heat,  as  when  we  proceed  according  to  the 
old  method  of  Pambour,  only  we  have  to  take  into  account 
a  new  loss,  which  Zeuner  calls  the  loss  by  reason  of  the  incom^ 
fjieteness  of  the  cycle  process.  We  shall  rethm  to  this  later 
on. 

In  any  steam  engine,  the  greater  the  efficiency  of  the  furnace 
and  the  engine  itself,  the  better  is  the  machine.  If  in  addition, 
cost  of  erection  and  repairs  is  small,  all  conditions  are  satisfied 
which  can  be  demanded  of  the  construction.  To  demand  that 
the  furnace  shall  absorb  aU,  or  the  greatest  part  of  the  heat 
contained  in  the  fuel,  is  as  unreasonable  as  to  demand  that  a 
water-wheel  shall  receive  the  entire  flow  of  a  river  from  the 
source  to  the  sea. 

If  we  divide  the  useful  effect  of  a  steam  engine,  expressed  in 
units  of  heat,  by  the  number  of  heat  units  given  by  the  com- 
bustion of  the  fuel,  we  obtain  the  ''  thermal  ^ed  "  of  the  entire 
apparatus. 

Example  1.— The  total  delivery  of  a  steam  engine  ib  1000  meter-kili^grams  per 
second,  and  the  useful  effect  687.    What  is  the  effldenc j  ? 

We  have  ^^  =  0.587. 

ExAHPLB  2.— What  is  thermal  effect  of  the  hot-air  engine,  page  548»  when 
lihe  hourly  deUvery  is  265680  ? 
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Since  in  1  hour  4.585  x  3500  heat  units  are  set  free  in  the  furnace,  and  265680 

856B 
424 


meter-kilograms  corresponds  to  ?^?  =  026.6  heat  ilnits,  we  have 


4.585  X  3500"  ~  "-"^^  ^^  about  4  per  cent 


The  thermal  effect  is  that  which  properly  informs  us  as  to  the  ecMiomy  of 
ste^^i  or  hot-air  engines. 


A— The  Otcle^^i^ss  op  the  Perfect  Steam  Engine,  and 

toPosABLE  Work." 

In  the  first  part,  we  hav^^en  that  the  delivery  of  every 
caloric  engine  is  given  by  ^ 


-=if.(^-N^ 


where  ^^  is  the  heat  weight  imparted  and  Ti  —  .^the  temper- 
ature fall,  or  the  difference  of  the  highest  and  lowest  tempera- 
tures of  the  air  when  compressed  adiabatically.    We  cali^j  j^ 
there  the  "  useful  delivery,"  because  it  was  that  obtained  ^y 
subtracting  from  the  total  delivery,  or  work  of  the  air  on  tL^ 
piston,  that  required  for  the  compression  of  the  air  by  the  feed 
piston.    We  shall  now  call  it  the  "dtsposaJfe  work^^  since  it  is 
that  which  the  air  in  passing  through  its  cycle  puts  at  our  dis- 
position, from  which  we  are  to  get  as  much  useful  effect  as  we 
can.  ^ 

We  have  also  seen  what  the  cycle  process  is  when  the  obBo^  1 
IvJte  maximum  of  work  is  required.  The  addition  and  abstrac- 
tion of  heat  must  be  so  regulated  that  all  the  heat  imparted 
must  be  transformed  into  work.  In  other  words,  heat  addition 
and  abstraction  must  take  place  according  to  the  isothermal 
curve,  and  the  two  others  must  be  adiabatic.  Such  a  cycle 
process  we  can  call  "perfect,"  and  an  engine  which  goes 
through  such  a  cycle  is  called  ^^'perfedy^  or  ideaL  It  is  impos- 
sible, with  the  same  expenditure  heat  and  temperature  fall,  to 
obtain  a  greater  delivery  than  such  an  engine  gives.  But  it 
has  the  disadvantage  that,  other  things  being  the  same,  it  re- 
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qoires  a  much  greater  cylinder  volume  than  hot-air  enginee  in 
which  heat  addition  and  abstraction  take  place  according  to 
some  other  law  than  the  isothermal.  For  this  reason  it  is  not 
to  be  recommended  in  practice. 

The  case  is  different  in  this  respect  when  we  use  steam  in- 
stead of  air  or  a  permanent  gas.  Here  also  snch  an  engine  is 
perfect  when  the  cjde  process  ia  perfect.  Bat  here  snch  a 
process  is  the  easiest  executed,  because  the  isothermal  lines 
are  parallel  to  the  axis  of  X 

We  shall  first  speak  of  the  perfect  cycle  process  of  the  steam 
engine.  We  shall  see,  as  we  proceed,  why  in  onr  present  en- 
gines the  cycle  is  incomplete.  The  work  of  snch  a  perfect 
steam  engine  we  call,  with  Zetmer,  the  disposable  work. 

Let  EF,  Fig.  92,  be  the  steam  cylinder  with  the  piston  KK. 
Left  of  the  piston  is  a  certain  weight  of  water  of  G  kilc^jrama. 
The  pressure  npon  the 
piston  is  p,  and  the  back 
pressure  is  p,.  In  a  con- 
densing engine  pi  is  about 
0.15,  and  in  a  non-condens- 
ing 1.1  atmosphere.  Xow 
let  heat  be  imparted  till 
the  water  is  raised  to  its 
boiling  point  f  for  the 
pressore  p.  If  beat  is  still 
farther  imparted,  steam  is 
generated  of  the  pressnre 
J}  and  temperatore  t,  and 
the  piston  is  driven  toward 
the  ri^t.  When  the  dis- 
tance^F'=.^£  is  passed 

let  the  greatest  part  of  the  water  be  vaporized.  Let  the  specific 
steam  we^ht  be  now  x.  Then  we  have  now  in  the  cylinder 
Ox  kilograms  of  steam,  and  G  {\  —  x)  of  water.  The  heat  im- 
parted to  the  water  at  C,  to  generate  the  steam,  is  Qrx  heat 
anits,  where  r  is  the  total  latent  heat  of  vaporization.  Let 
now  the  mixture  expand  adiabatically  along  BC,  antil  the  vol- 
ume is  Vj,  and  the  temperature  and  pressure  ti  and  pi.  As  we 
know,  steam  condenses  durii^  the  expansion,  and  the  specific 
steam  quantity  at  the  end  is  less  than  at  the  beginning.     Snp- 
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pose  this  quantity  is  x^^  then  we  have  (page  176)  Equation 
XXV., 

where  r^  is  the  latent  heat  of  vaporization  at  the  temperature 
tx.  The  piston  is  now  at  the  end  of  its  stroke.  Now  let  the 
Tolume  t7i,  of  the  temperature  ^,  be  compressed  under  the  con- 
stant pressure  pi  till  the  volume  is  v^  that  is,  the  piston  passes 
through  GD.  Then  let  the  remaining  volume  be  compressed 
adiabatically,  D  being  so  chosen  that  during  compression  from 
Vto  Hy  the  remaining  steam  is  converted  into  water,  and  we 
have  the  original  condition  again.  If  the  process  is  thus  per- 
formed as  indicated,  we  have  not  only  a  complete  cycle  process, 
but  also  &  perfect  cycle  process,  that  is,  one  in  which  the  work 
obtained  is  a  maximum.  Whatever  other  complete  cycle 
process  the  steam  may  be  made  to  perform,  the  work  obtained 
for  the  same  amount  of  heat  imparted  will  be  les^.  If  the  spe- 
cific steam  quantity  at  27  is  cc^  (of  course,  less  than  at  (7),  we 
have,  since  at  ^,  a^  =  0, 

^  +  -.  =  r. 

At  C  the  steam  weight  was  Oxt^  and  at  2>  it  is  Ox^,  so  that 
from  C  to  D  the  heat  abstracted  is 

The  entire  process  thus  is  similar  to  that  on  ps^e  232  of 
Part  I.  where  air  expanded  and  was  compressed  under  con- 
stant pressure.  Just  as  there  the  work  actually  obtained,  after 
subtracting  that  of  the  back  pressure  p^  is  given  by  the  area 
TiT2TiT2,  so  here  the  area  ABCD  is  the  effective  work, or  that 
obtained  after  subtracting  that  of  the  back  pressure  J9|.  If  we 
denote  the  work  by  i,  we  have 

i  =  -J  (0  -  Oi)  (see  page  197,  Part  L) 

If  for  Q  and  Qi  we  put  the  values  above, 

L  =  Grx  —  Qti  {oci  —  x^. 


BTEAM  ENQINE— GENERAL  PBINCIPLE8.  653 

Since 

ffCfj  \ 

nai  =  (^27  +  ^  T  ^1 )  ^i»     and    r^ajj  =  (r  -  r,)  T, 
we  have 

or 

i=^^(?'-^'i).    .    .    .    (CXIV.) 

This  is  the  same  equation  which  we  found  in  Part  I.  for  the 

delivery  of  the  hot-air  engine.    The  quotient  -^rp  is  the  heat 

weight  and  T  —  Ti  the  temperature  falL  Just  as  in  hydraulics 
we  determine  the  total  delivery,  or,  as  we  now  call  it,  the  dis- 
posable work,  of  a  water-wheel  from  the  weight  of  water  enter- 
ing the  wheel  in  a  certain  time  and  the  fall,  so  here  the  dis- 
posable work  of  a  steam  engine  is  given  by  the  product  of  the 
heat  weight  imparted  in  a  certain  time  and  the  temperature  falL 
Since  in  every  complete  cycle  process  the  heat  weight  ab- 
stracted is  equaJ  to  that  imparted,  we  have  also 

^^2^^(^-^^)  .    •   •    .    (CXV.) 

Both  formulae  give  for  a  certain  Q  or  Qi  the  absolute  maxi- 
mum delivery  of  a  machine.  For  the  same  heat  Q  or  Qi  the 
delivery  is  greater  the  greater  the  temperature  fall.  In  hot-air 
engines  we  could  not,  on  account  of  practical  reasons,  have  T 
over  573°,  and  T^  cannot  be  much  below  273".  K  in  the  steam 
engine  T  were  573°,  or  ^  =  300'',  we  should  have  an  enormous 
steam  pressure,  since  for  230°  the  pressure  is  about  28  atmos- 
pheres. At  present  we  seldom  exceed  10  atmospheres,  which 
corresponds  to  t  =  180.3°,  or  T  =  453.3°.  Whether  it  is  prac- 
ticable to  employ  higher  pressures  can  only  be  determined  by 
practice.  Further,  we  cannot  well  go  below  ti  =  46.2°,  or 
Ti  =  319.2°,  as  this  temperature  corresponds  to  V^th  of  an 
atmosphere.  For  a  lower  temperature  the  amount  of  condensa- 
tion water  is  too  great.  For  engines  without  condensation, 
ti  =  100°,  and  7\  =  373°.     If  then  we  regard  t  =  180.3°  as  the 
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maximum  temperature,  we  have  for  the  maximum  deliyery  of  a 
perfect  steam  engine,  for  condensation, 

=  211  (180.3 -46.2)  =  125.38^.    .     (OXYL) 

and  non-condensing, 

L  =  ^^  (180.3  ~  100)  =  75.08^  .    .     (GXYIL) 


EXAMPLE. 

What  18  the  deliverj  of  a  perfect  steam  engine,  which  uses  per  hour  100  kilo- 
grams of  steam  of  10  atmospheres  ? 

If  we  assume  the  steam  to  be  dry,  Q:=zGr  where  Q  and  G  are  quantities  per 
hour.  Now  r  =  /9  +  Apu  is  for  10  atmospheres  478.8.  Hence  Q  =  478.8  x  100 
=  47880  heat  units  per  hour,  or  18.8  per  second. 

For  a  condensing  engine,  then, 

L  =  125.88  X  18.8  =  1667.55  meter-kilograms, 

or 

-^      1667.55       „  -^  , 

iVT  =  — — —  =  22.28  horse  power. 

For  non-condensing, 

L  =z  75.08  X  18.3  =  998.56  meter-kilograms^ 
or, 

iV  =  — ^^ —  =  18.32  horse  power. 

Since  now,  from  formulad  CXIV.  and  CXV.,  the  delivery  of 
an  engine  depends  only  upon  the  heat  Q  and  temperature  fsJl, 
it  is  evident  that  the  kind  of  liquid  used  makes  no  difference, 
whether  water,  alcohol,  ether,  or  air. 

Let  us  now  consider  the  cycle  process  of  our  actual  steam 
engines  and  find  their  delivery.  'We  shall  then  see  why  their 
cycle  process  is  not  perfect.  If  we  then  compare  the  delivery 
with  that  of  a  perfect  engine,  we  shall  have  the  loss  of  effect 
due  to  the  imperfection  of  the  process,  to  which  we  have 
already  referred. 
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C — Cycle  Pbocess  op  the  Actual  Stbah  IEngimb  and  Dbteb- 

VDIATION  OF  THE  LoSS  OF  EFFECT  DUE    TO    THE  IhFEBFECIION 
OS  THE  FbOCEBB. 

In  actual  engines  ve  have  to  do  witli  a  compete  bat  not  a  per- 
feti  cycle  prooeHS. 

Let  A  be  tlie  steam  cylmder  and  K  the  boiler.  The  Bteam 
has  the  presB- 
nre  p  and  tem- 
peratnre  t 
From  the  boil- 
er it  passes 
through  t  h  e  1 
steam  pipe  to 
the  valve  box 
on  the  right  of 
the  cylinder^. 
Let  the  piston 
have  its  highest 
position,  and 
hence  the  up- 
per part  be  a 
little  open. 
Provided  that 
there  is  no  fric- 
tion   in    steam 

pipe,  steam  of  '    *'"'■  *^' 

the  boiler  pressure  enters  above  the  piston  and  forces  it  down. 
Let  the  line  Oo  represent  the  pressure  p.  When  the  piston 
has  passed  through  the  distance  0  V,  and  when,  therefore, 
there  have  entered  V  cubic  units  of  steam  from  the  boiler,  let 
expansion  commence,  and  the  steam  expand  according  to  the 
adiabatic  line  xxi-  At  the  end  of  expansion  let  the  steam  have 
the  pressure  ^  and  the  temperature  ;,  of  the  condenser  C. 
Above  the  piston  we  have  then  steam  of  the  pressure  p,  and 
volume  Vi.  By  tliis  time  the  valve  has  opened  the  lower  port, 
and  steam  of  the  boiler  pressure  p  is  below  the  piston,  which 
now  rises.  While  rising,  it  forces  the  steam  volume  F,  under 
the  pressure  p^  gradually  into  the  condenser.    Thus  the  back 
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pressure  is  p,.    The  Une  x,a  represents  this  pressure,  while  xf) 
is  the  stroke. 

If  the  engine  has  a  surface  condenser,  the  volume  Vi  is  con- 
densed, and  is  then  forced  by  the  feed  pump  D  into  K.  Here 
it  is  again  heated  from  ^i  to  t^  then  conyerted  into  steam,  and 
then  admitted  to  the  cylinder.  If  we  have  a  jet  condenser,  the 
pump  D  must  remove  from  the  condenser  not  only  the  con- 
densed steam,  but  also  the  injection  water.  But  it  only  has  to 
force  into  the  boiler  as  much  water  as  before.  If  there  is  no 
condenser,  the  back  pressure  pi  is  that  of  the  atmosphere,  and 
it  is  just  the  same  as  if  we  had  a  condensing  engine  in  which 
the  condensed  steam  has  a  temperature  of  lOO"".  Although  in 
this  case  the  same  weight  of  water  must  be  forced  into  the 
boiler  as  before,  this  water,  if  there  is  no  feed  heater,  has  a 
lower  temperature,  and  more  heat  is  required  to  heat  it  than 
in  the  condensing  engine. 

Since  we  thus  know  the  character  of  the  cycle  process,  we 
can  calculate  the  delivery.  First,  it  is  evident  that  the  area 
hoxxx^  gives  the  delivery  per  stroke,  the  work  of  overcoming  the 
back  pressure  being  deducted  from  the  totaL  If,  then,  we  de- 
duct the  work  required  for  forcing  the  feed  into  the  boiler,  we 
have  the  work  corresponding  to  the  cycle  process  of  the  actual 
steam  engine. 

We  assume  again  O  as  the  weight  of  steam  and  water  per 
stroke,  of  which  xG  kilograms  are  steam  and  ().  —  x)G  water. 
The  steam  volume  used  per  stroke  is  F,  or 

F=  {xu  -{■  &)  G  cubic  meters. 

The  work  during  full  pressure  is 

A  =pV=:p{a!u  ■{•  a)  G  meter-kilograms. 

If  the  specific  steam  weight  at  the  end  of  expansion  is  x^,  we 
have  for  the  volume  Fi 

Fi  =  {x^u^  +  o)  G^. 

Since  the  steam  expands  adiabatically,  we  have  for  the  work 
during  expansion  (Equation  XX  VU.) 

A  =  (?  -  ?i  +  «P  -  aiA)  J  . 
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Hence  the  delivery  per  stroke  is 

Li  +  A=  lp{xu  +  <y)  +  -^  {q-qi-hxp-  XiPt)]  G. 

From  this  we  must  subtract  the  work  in  oyercoming  the  back 
pressure  pi.    This  is    . 

A=i>i(^^  +  cr)  O. 

Therefore  the  delivery,  neglecting  the  work  required  for  the 
feedy  is 

-4  (A  +  A  —  A)  =  [Apiccu  4-  o')'-f  {q  —  qi-^-xp—  a^Pi)  —  Api 

{xiUi  H-  0")]  6r  heat  units. 

Zfi  + A- A  =  i  =  [?-?!+ a?r-iririH-(r(^-j>i)^]_  ,  or 

AL  =  [q  —qi  +  ar  —  a?iri  +  A(r  {p  —  pi)^  heat  units. 

(CXVin.) 

If  the  last  member  in  this  equation  is  neglected  on  account 
of  its  smallnessy  we  shall  have  Equation  LY.,  page  474,  which 
we  have  already  found  for  the  efflux  of  steam.    Hence 

'A^G  =  AL, 
or 

That  is,  the  total  delivery  of  the  actual  steam  engine  per 
stroke  is  equal  to  the  living  force  of  the  steam  G  used  per 
stroke  when  it  flows  with  the  velocity  w  from  the  boiler.  This 
might  at  first  sight  seem  to  make  it  advantageous  to  allow  the 
steam  to  act  by  impulse  or  reaction.  When  we  consider,  how- 
ever, that  a  reaction  wheel  only  gives  its  maximum  delivery 
when  it  revolves  with  the  same  velocity  as  the  liquid  departs, 
such  a  wheel  would  have  to  have  an  enormous  velocity,  as  the 
velocity  of  steam  is  very  great  when  issuing  even  under  low 
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pressures.    Such  a  velocity  would  oonsume  much  of  the  effect, 
even  if  the  construction  had  any  practical  value.     (Zeuner, 
Warmetheorie,  page  477.) 
If  we  determine  XxVi  from  the  known  relation 

and  insert  it  in  the  preceding  equation,  we  have,  after  reduc- 
tion, 

^=  \^{T-T,)+q-q,-{r-r,)T,+Aa{jp-p,)\G,  (CXIX.) 

This  expression  is  not  yet  the  outer  work  of  the  steam  en- 
gine. It  is  rather  the  entire  work  obtained  up  to  the  point 
where  the  G  kilograms  of  steam  at  the  temperature  t  have  be- 
come water  at  the  temperature  ^.  To  complete  the  cycle  pro- 
cess we  have  still  to  force  this  water  into  the  boiler. 

Here  we  ^ave  to  distinguish  between  engines  condensing  and 
non-condensing.  In  the  first  case,  we  may  have  either  a  sur- 
face or  a  jet  condenser.  In  the  other,  the  steam  escapes  into 
the  air. 


(a.)  Condensing  Engine — Sur/cLce  Condenser. — ^In  this  case 
the  pump  D  has  to  raise  per  stroke  the  G  kilograms  and  force 
them  into  the  boiler.  .  If  the  pressure  of  the  air  is  jpc  we  have 
for  the  work  of  removing  from  the  condenser 

G<T(p^^p{), 

and  for  forcing  into  the  boiler 

G(r(p-^p,). 

When  we  add  both  works,  we  have  for  the  work  of  the  pump 

L4  =  0<s{p  —  pi)  meter-kilograms,  or  in  heat  units 

AL^  =  A(x  {p  —pi)  G. 
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Snbtracting  this  from  OXIX.,  we  have  for  the  work  obtained 
by  the  cycle  process  of  a  steam  engine  with  surface  condenser, 

AL  =  r^(r-rx)4-j-gi-(r--ri)  tJg^  heat  units-     (OXX.) 

(6.)  Condensing  Engine — Jet  Condenser. — ^We  suppose  that  the 
air  pump  not  only  removes  the  water  from  the  condenser,  but 
also  forces  it  into  the  boiler.  We  also  neglect  the  fact  that  it 
removes  air  also.  If  Gq  is  the  injection  water  per  stroke,  the 
pump  has  to  remove  per  stroke  G  +  Oo,  but  only  has  to  force 
6  into  the  boiler.    The  work  of  removing  is 

The  water  (7o  then  runs  off,  and  G  is  forced  into  the  boiler. 
The  work  required  is 

G<r{p-jh). 
The  total  work  of  the  pump  is  then 

A  =  Gfo(r  {po-pi)+  G(r  {p  -p^). 

We  have  then  for  the  work  of  the  cycle  process  of  a  condens- 
ing engine  with  jet  condenser 

^i=[j(r-r0  4-?-gi-(r-r,)2\](?~^o(T(iA,-;>i)-4. 

(CXXL) 
The  last  member  is  so  small  that  it  may  be  neglected. 

(a)  Non-condensing  Engine^  vnth  Ordinary  Force  Pump. — ^Let 
the  height  to  which  the  water  is  sucked  be  h.  The  work  is 
Oh.     The  work  of  forcing  into  the  boiler  is 

Oa{p-p^. 
But  in  the  present  case p^—p^^  hence 

L4=  Qh  -{-  Oct  (p  —pi). 
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Subtracting  this  work  from  CXIX.,  we  have 

^J=[5(r-r0  4-j-(?i-(r-r0  2\-^A].     (CXXIL) 
Here  Ah  may  be  neglected,  and  we  have  again  Equation  CXX. 

{d.)  The  BoHer  is  Fed  by  a  Giffard  Injector. — In  this  case 
there  is  no  outer  work  required  for  the  injector.  We  can 
therefore  use  Equation  OXIX.  directly,  of  which  we  may  ne- 
glect the  last  equation*  Hence  Equation  GXX.  gives,  in  all 
cases,  the  total  delivery  measured  in  heat  units  of  the  cycle 
process  of  the  steam  engine. 

The  question  now  arises,  what  is  the  amount  of  heat  ex- 
pended? If  we  know  this,  and  insert  it  in  Equation  CXIY. 
instead  of  Q,  we  shall  have  the  delivery  of  an  engine  with  per- 
fect cycle  process.  The  comparison  of  this  with  Equation 
GXX.  will  give  the  loss  of  effect  by  reason  of  the  imperfection 
of  the  process.     This  heat  can  be  easily  determined. 

We  assume  first  that  the  engine  is  condensing.  The  O  kilo- 
grams of  steam  used  per  stroke  are  removed  in  liquid  state 
from  the  condenser  and  forced  into  the  boiler.  The  tempera- 
ture of  this  water  we  have  indicated  by  f,  and  the  heat  of  the 
liquid  is  qi.  Hence  the  O  kilograms  of  water  contain  Oq^  heat 
units.  In  the  boiler  the  temperature  is  raised  to  t""^  and  the 
heat  of  the  liquid  is  q.  The  heat  imparted  is  then  0(q  —  (/i). 
Of  this  water  xG  kilograms  are  now  vaporized,  which  requires 
the  heat  Grx. 

The  total  heat  then  is 

G{rx  -h  q  —  qi)  =^G[q'-  qt  -f  (p  H-  Apu)x]. 

Let  us  assume  again  that  the  engine  is  non-condensing,  and 
that  the  feed  is  furnished  by  the  injector.  If  the  feed  water 
has  a  temperature  of  ^o  the  heat  of  the  liquid  is  (/, ,  and  if  we 
assume  the  water  heated  to  ii"^  by  the  steam  of  the  injector, 
this  steam  must  itself  lose  heat,  so  that  it  becomes  water  at  tj^°. 
When  now  this  condensed  steam  with  the  feed  water  enters  the 
boiler,  the  former  must  receive  as  much  heat  as  it  lost  in  con- 
densing in  order  to  be  converted  into  steam  of  f*.    We  neglect 
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tlmsy  indeed,  that  heat  which,  transformed  into  work,  is  neces- 
sary to  raise  the  feed  water  and  force  it  into  the  boiler.  On 
account  of  its  slight  comparative  amount,  this"  is  allowable.  If 
therefore  the  quantity  of  water  raised  is  G,  and  if  it  is  heated 
to  ti^^  the  heat  lost  by  the  steam  in  thus  heating  it  is 

O  ( J,  -  5o), 

and  this,  as  remarked,  must  be  again  imparted  to  the  condensed 
steam  in  the  boiler  in  order  to  convert  it  into  steam  at  f.  The 
feed  water  is  now  heated  in  the  boiler  from  <,°  to  ty  and  this  re- 
quires the  heat  O  (q  —  q^.  The  total  heat  imparted  to  the  feed 
water  in  order  to  bring  it  up  to  the  temperature  of  the  boiler 
water  is  then 

Finally  this  water  is  to  be  converted  into  steam  at  f.  For 
this  we  require,  assuming  that  of  the  total  weight  of  feed  water. 
Ox  are  steam,  Orx  heat  units.  Hence  the  total  heat  imparted 
to  the  feed  water  is 

(?  (ra?  +  y  —  j'o)  =  G^  [?  —  ?o  +  (/o  +  AP^)  ^]  ^®^*  units. 

If,  finally,  the  boiler  is  fed  by  an  ordinary  force  pump,  and 
the  temperature  of  the  feed  water  is  fo,  we  have  again 

O  {rx  H-  S'  —  Jo)  =  ^  [y  —  ffo  +  (P  +  Apu)  x]  heat  units, 

in  order  to  form  steam  of  t"".  We  see,  then,  that  with  the  in- 
jector we  have  to  impart  as  much  heat  to  the  feed  water,  in 
order  to  generate  the  steam  required,  as  when  the  ordinary 
force  pump  is  used.  In  this  respect  also,  then,  the  injector 
possesses  no  advantage.  The  single  advantage  of  the  injector 
is  that  the  frictional  resistances  are  less. 

From  the  above  it  follows  that  the  heat  required  for  the  de- 
livery of  the  cycle  process  of  the  steam  engine  is  given  by 

Qi  =  Gf  (ra?  +  ?  —  Jo)  =  G^  [<7  —  ?o  +  (P  +  Apu)  x], 

in  which  for  condensing  engines  we  put  ^i  for  q^. 
36 
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The  heat,  then,  is  less .  the  greater  go*  that  is,  the  hotter  the 
feed  water.  We  see,  then,  the  desirableness  of  a  feed  water 
heater. 

If  now  this  heat  is  used  in  a  perfect  engine,  we  have  for  the 
delivery 

This  delivery  is  therefore  that  which,  from  the  standpoint 
of  the  mechanical  heat  theory,  is  disposable  when  the  heat 
^  (9'  ""  9o  +  ^^)  is  used.  It  is  more  convenient  to  put  the  for- 
mula in  the  following  form. 

Now  in  our  actual  steam  engines  we  have  the  work  from 
Equation  OXX., 

If  we  subtract  this  from  the  preceding,  we  have  for  the  loss 
of  work  by  reason  of  the  imperfection  of  the  cycle  process, 

^  =  :&  [fe  -qo)T-{q-  qo)  Tr  +  (T-  r.)  TT,].  (OXXIV.) 

For  condensing  engines  we  put  qi  in  place  of  jo-  K  we  divide 
this  by  the  disposable  work,  we  have  the  ratio  of  the  loss  of 
effect  to  the  work  which  is  at  our  disposition  in  the  heat  used. 
This  ratio  is 


to 


EXAMPLE. 

A  non-condensing  steam  engine  works  with  dry  steam  of  5  atmospheres.  What 
is  to  when  the  feed  water  has  a  temperature  <„  =  15**  ? 


STEAM  ENGINE^LOaa  IN  CYCLE  PROCESS.  563 

From  oar  Tables  we  have  for 

5  atmospheres       and  for       1  atmosphere 

t  =  152.2  .  ^  =  100 

q  =  153.7  q^  =  100.5 

r  =  0.45  rj  =  0.81 

r=  489.2 

hence 

__  (100.5  ~  15)425.2  ~  (158.7  - 15)873  +  (0.45  -  0.81)425.2  x  873 

^^  (158.7-15  +  499.2)52:2 

_  6005.83  _  ^  ift 
"  83298.4  "  "•  ^' 

Therefore  18  per  cent,  of  the  work  at  disposal  is  lost  by  reason  of  the  imper- 
fection of  the  cycle  process. 

Zeuner,  to  whom  this  elegant  and  interesting  discussion  is 
due,  has  investigated  by  various  examples  the  influences  of 
heating  the  feed  water,  and  of  water  contained  in  the  steam, 
upon  the  loss  of  effect  The  following  tabulation  in  which  the 
steam  is  assumed  to  be  dry,  shows  the  influence  of  heating  the 
feed  water.    The  engines  are,  of  course,  non-condensing. 

NON-CONBENSING  ENGINES. 

{Back  PresaurCy  1  Atmosphere.) 


BoUer  Pressure 
in 
Atmospherefl. 

Lossof  Kffect 
for 
«,  =  15»          and 

TO 

t,=100» 

li 

0.15 

0.01 

3 

0.16 

0.03 

4 

0.17 

0.04 

6 

0.17 

0.05 

6 

0.18 

0.05 

8 

0.19 

0.06 

10 

0.19 

0.07 

If,  then,  the  feed  water  is  heated  up  to  100°,  the  loss  of 
effect -by  reason  of  the  •imperfection  of  the  cycle  process  is 
small,  especially  for  low  steam  pressures.  For  condensing  en- 
gines, in  which  the  back  pressure  is  about  -^  of  an  atmosphere, 
in  which,  therefore,  the  feed-water  temperature  is  ^  =  46.2^, 
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« 

the  loss  for  1}  atmospheres  is  0.05,  and  for  10  atmospheres 
0.10.  Here,  then,  the  loss  of  effect  increases  with  the  pressure. 
In  the  following  tabulation  we  see  that  the  loss  of  effect  in- 
creases imth  the  quantity  of  water  in  the  steam.  The  engine  is 
assumed  non-condensing  and  working  with  steam  of  5  atmos- 
pheres. 

Specific  steam  Low  of  effect  for  feed  water  temperatnres. 

qnantlty.  <o  =  I5°  80°  100** 

x  =  l  w  =  0.17  0.08  0.06 

a;  =  0.90  0.19  0.09  0.05 

a;  =  0.80  0.21  0.10  0.06 

We  see  from  both  tabulations  how  advantageous  it  is  to  use 
hot  feed  water.  This  is  confirmed  by  experiment  The  waste 
gases  in  the  chimney  may  be  used  for  heating  the  feed.  But 
even  then,  the  loss  of  effect  for  high  pressures,  especially  when 
the  steam  contains  10  or  20  per  cent  of  water,  is  considerable, 
BO  that  it  becomes  a  question  whether  the  cycle  process  of  our 
present  steam  engines  can  be  so  altered  as  to  correspond  to 
that  of  a  perfect  steam  engine.  For  this  purpose,  we  should 
evidently  not  condense  all  the  steam  in  the  condenser,  but 
rather  so  much  should  remain,  that  by  adiabatic  compression 
this  remaining  steam  may  be  converted  into  water,  with  the 
already  condensed  steam,  at  the  boiler  temperature  (t).  Never- 
theless, the  preceding  discussion  shows  that  on  the  whole  the 
imperfection  of  the  process  is  small.  The  other  losses,  as  that 
due  to  imperfect  expansion,  prejudicial  space,  etc,  are  in  part 
greater,  at  least  the  loss  due  to  imperfect  cycle  is  but  a  small 
part  of  the  total  losses.  Accordingly,  it  is  by  no  means  correct 
as  Eedtenbacher  asserts,  that  the  cycle  process  of  our  steam 
engines  is  exceedingly  imperfect,  and  that  therefore  some  other 
method  of  utilizing  the  steam  should  be  invented.  "  So  long 
as  the  fundamental  principles  of  the  mechanical  theory  of  heat," 
says  Zeuner,  "  are  regarded  as  correct,  so  long  we  can  regard 
the  cycle  process  of  our  steam  engines  as  quite  perfect,  and  if 
there  are  no  losses  of  work  greater  than  that  due  to  the  essen* 
tial  imperfection  of  the  process,  we  need  not  search  for  im- 
provement in  the  steam  engine ;  at  any  rate,  in  those  engines 
which  use  saturated  steam." 


CHAPTEB  XXV. 

COMPLETE  CALCULATION  OF  THE  STEAM  ENGINE. 

Indicated  Delivery. — ^We  have  in  the  preceding  calculated  the 
total  delivery,  or  that  obtained  by  the  cycle  process  of  the  or- 
dinary steam  engine,  when  we  disregard  the  work  required  for 
the  feed.  We  have  now  to  determine  more  exactly  the  work  of 
the  steam  in  the  cylinder,  not  only  with  reference  to  the  back 
pressure,  but  also  to  other  prejudicial  actions.  We  have  first 
to  calculate  the  work  which  the  steam  actually  performs  on  the 
piston.  Since  this  work  is  accurately  given  by  the  indicator 
diagram,  we  call  it  the  indicated  delivery  or  horse  power  of  the 
steam  or  engine.  In  these  calculations  we  shall  proceed,  of 
course,  from  the  principles  of  the  mechanical  heat  theory. 
Then  we  shall  show  how  the  prejudicial  resistances,  such  as 
piston  and  valve  friction,  that  of  fly-wheel  and  pumps,  etc.,  are 
to  be  determined.  Finally,  we  shall  show  how  to  determine 
the  dimensions,  the  consumption  of  fuel,  etc.,  for  an  engine  of 
given  horse  power. 

Let  us  first  examine  more  closely  the  action  of  the  steam  in 
the  cylinder.  We  assume  an  engine  with  ordinary  slide  valve, 
moved  by  an  eccentric. 

Action  of  the  Steam  in  the  Cylinder. — ^In  Figs.  94,  95,  96,  97,  and 
98,  AB  is  the  cylinder,  CD  the  piston,  EF  the  slide  valve  box, 
I  a  portion  of  the  steam  pipe,  GH  the  slide  valve,  ah  and  cd 
the  steam  passages,  a  and  c  the  entrance  ports,  and  e  the  ex- 
haust port,  through  which  the  steam  passes  either  into  the  air 
or  into  the  condenser.  In  Fig.  94,  the  piston  is  at  the  left  end 
of  its  stroke ;  the  port  a  is  already  a  little  open,  and  steam  enters 
from  the  boiler  and  presses  upon  the  left  side  of  the  piston. 
This  steam  we  shall  call  the  *^  driving  steam."     This  opening  of 

565 
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the  entrance  port  for  the  admission  of  steam,  before  the  piston 
•  gets  to  the  end  of  its  stroke,  is  oecessaiy  for  smooth  mo- 
tion   of  the     engine. 
'  "While  now  the  driving 

Bteam  forces  the  pis- 
ton to  the  right,  the 
Talve  moves  also  in 
the  same  direction, 
and  the  port  a  is 
opened  more  and 
more,  and  fresh  steam 
I  continnally  enters. 
Finally  the  port  o  is 
fully  opened,  and  the 
valve  has  then  reached 
its  extreme  position 
towards  the  right.    It 

Fio.  M.  ,1  i_       ■  I 

then  begins  to  move 
towards  the  left,  and  thus  closes  a  more  and  more,  so  that  the 
steam  enters  with  increasing  resistance.  In  Fig.  95,  the  port  a 
is  completely  closed,  and  hence  no  more  steam  can  enter  behind 
the  piston.    Since  the  piston  has  not  yet  arrived  at  the  end  of  its 


stroke,  however,  the  driving  steam  most  now  act  expansively. 
Meanwhile  the  valve  still  goes  towards  the  left,  and  in  Fig. 
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96,  we  have  the  position  of  valve  and  piston  when  the  first  is 
about  to  open  the  port  a  for  the  discharge  of  the  driving  steam, 
while     the 
second  is  not 
yet  at  the  end 
of  its  stroke 
towards    the 
right    Up  to 
this  moment 
we   have  ex- 
pansion     o  f 
the    driving 
steam,  but  of 
course     not 
after.  Thisia 
then     the 
point  of    re- 
lease, while  Fig.  95  is  the  position  where  expansion  begins. 
From  this  point  on,  tlie  valve  opens  the  port  a  for  the  release 
of  the  steam.    The  driving  steam  flows  through  a,  h,  and  e  to 
the  condenser,  or  out  into  the  air.     F^.  97  shows  the  position 
of  piston  and  valve  when  the  port  a  is  tolerably  open  for  dis- 
ohai^e,  while  the  piston  has  not  yet  arrived  at  the  right  end  of 
its  stroke. 
In  this  position  the  port  c  is  closed.     While  now  the  piston 
still  moves  to- 
ward the  right 
and    the   valve 
toward  the  left, 
the    port    c  is 
opened   to   ad- 
mit  steam,  and 
the  steam  en- 
(  ters   as   before 
it   did   in  Fig. 
94,  only  on  the 
rightsideof  the 
^^  ^  piston    instead 

of  the  left.  The 
driving  steam  is  now  on  the  right  of  the  piston.    Thus  far  we 


568  THEBMODTNAMIOB. 

have  confined  onr  attention  to  the  left  side  of  the  piston  and 
have  considered  the  action  of  the  driving  ateam.    Let  us  now 
see  how  the  back  pressure  steam  acts.     This  steam  we  have  in- 
dicated by  points  in  our  Figures,  while  the  driving  steam  is 
indicated  bj  horizontal  lines.     Let  us  refer  ^ain  to  Fig.  94. 
We  see  here  that  the  port  c  is  tolerably  wide  open,  wider  than 
a,  and  hence  that  the  release  of  the  back  pressure  steam  to  the 
condenser  takes  place  before  the  admission  of  the  dn%iiig  steam. 
From  this  point,  as  the  valve  moves  to  the  right,  c  is  opened  more. 
It  is  fully  opened  when  the  slide  ia  at  its  extreme  right  posi> 
tion.     Fig.  96  shows  the  valve  returned  a  good  ways  toward  the 
left,  but  still  in  communication  with  the  condenser.     The  steam 
in  the  cylinder,  on  right  of  piston,  has  then  the  pressure  of  thd 
atmosphere,  or  of  the  condenser.   In  Fig.  97  the  port  c  is  closed, 
and  as  the  piatoii  atill  goes  toward  the  right,  the  ateam  is  com- 
pressed, becomes  hotter,  denser,  and  has  a  higher  pressore. 
For  this  compression  a  certain  work  is'  necessary,  which  must 
be  deducted  from  the  total  delivery.     Bat  this  work  is  not  lost, 
since  now  less  fresh  steam  is  required  for  filling  the  space  back 
of  the  piston.     Experience  shows  that  this  compression,  or 
"  cashioning,"  is  also  necessary  tor  quiet  and  smooth  working. 
Fig.  98  shows  the  end  o'f  compression,  or  the  poaition  of  the 
valve  when  c  just  begins  to  open  for  the  admission  of  fresh 
steam   on   the   right 
The    action    of    the 
steam  just  described 
is     caused     by     two 
things,  the  "angle  of 
advance"      and      the 
"lap"    of    the     slide 
valve. 

At  first,  things  were 

i  SO  arrai^d  that  both 

ports     were      closed 

when  the  engine  was 

on  its  dead  points ;  in 

other  words,  when  the 

'■  piston  was  at   either 

end  of  its  stroke. 

The  slide  was  then  in  its  central  position.     Such  a  relation 
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between  the  motion  of  the  slide  and    piston  can.  be  easily 
attained  by  so  placing  the  eccentric  diac  that  the  line  joining 
its   center  with  the   center  of  the  shaft  mi^es  an  angle  of  90° 
with  the  line  joining  the  dead  points.      If  thns  B  and    C, 
Fig.  99,  are  the 
dead  points  for 
a  horizontal  cy- 
linder, the    ec- 
centric   disc  S      , 

must    be    so 

placed    on    the  ^^^  ^ 

shaft    D,    that 

BE  makes  an  angle  of  90°  with  SC.  In  this  case  both  ports 
wonld  be  fully  opened  when  the  piston  is  in  the  middle  of  ito 
stroke,  if  the  comtecting  rod  were  infinitely  long.  Even  for 
moderate  length  of  this  rod,  the  same  is  nearly  true.  Since 
now,  in  our  present  arrangement,  we  wish  both  ports  to  be 
open  when  the  piston  is  at  either  end  of  its  stroke,  the  valve 
must  be  beyond  its  central  position.  This  is  attained  by  fixing 
the  disc  on  the  shaft  so  that  DE  makes  more  than  90"  with  BC. 
This  increase  of  the  angle  of  90"^  is  the  "  angle  of  advance." 
The  angle  of  advance,  then,  is  the  angle  made  by  the  eccen- 
tricity with  the  perpendicular  to  the  valve  face  when  the  pis- 
ton is  at  a  dead  point 

If  now  the  steam  is  required  to  act  in  the  cylinder  with  a 
certain  expansion  and  compression,  we  most  have  the  following 


arrangement.  We  make  the  slide  so  long  that  in  its  central 
position  it  laps  over  the  ports  by  a  certain  amount  on  each 
side.  The  amonnt  which  it  exceeds  the  port  on  the  outside  is 
called  the  "outside  lap,"  and  on  the  inside,  the  "inside lap.' 
As  it  is  more  advantageous,  as  has  been  pointed  out,  for  the  re- 
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lease  of  t}ie  steam  to  take  place  somewhat  earlier  than  the 
admission,  the  outer  lap  is  always  greater  than  the  inner. 
Thus  ah  and  cdy  Fig.  100,  are  the  outer  laps,  and  ef  and  gh  the 
inner,  or  they  are  the  distances  by  which  the  valve,  when  in 
its  central  position,  extends  beyond  the  ports. 

For  this  ceotral  position  of  the  valve  the  center  d  of  the  ec- 
centric disc  must  be  in  the  perpendicular  od  to  5e.  If,  now, 
when  the  piston  is  at  the  left  end  of  its  stroke,  the  port  for  the 


Fig.  101. 


admission  of  steam  on  the  left  is  to  be  opened  a  little,  the  point 
d  must  be  somewhere  to  the  right,  say  at/.  If  the  conecting 
rod  and  eccentric  rods  are  very  long,  the  travel  of  the  valve 
toward  the  right  is  approximately /y. 

The  angle  dcf  is  the  angle  of  advance.  If  we  wish  to  know 
how  far  the  piston  is  from  the  left  end  of  its  stroke,  when  the 
valve  has  its  central  position,  we  have  only  to  lay  oflF  the  angle 
bch  =  dcf^  and  let  fall  M,  Then  hi  is  the  distance,  if  6c  =  oe  is 
the  angle  of  the  crank,  or  the  half  stroke  of  the  piston. 

Let  the  angle  of  advance  dcf  =  o',  and  the  eccentricity  erf, 
that  is  the  distance  of  the  eccentric  disc  from  the  center  of  the 
shaft  be  p,  then 

gf  =  P  sin  a. 
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K,  now,  the  outer  lap  ab  =  cd  =  ai,  and  the  "  fead,"  or  the 
opening  of  the  port,  when  the  piston  is  at  the  end  of  its  stroke, 
is  2»i,  we  have 

g/"  =  Oi  +  61  =  p  sin  a. 

In  general,  for  horizontal  engines,  Oi  =  0.26p,  or  i  of  the  ec- 
centricity, and  bi  =  -^p,  hence 

(0.25  +  0.1)  p  =  p  sin  tr, 
or 

sin  a  =  0.35,     or    a  =  20°  30'. 

If  further,  the  inner  lap  e/*  =  gr7^  is  Os,  the  opening  of  the  port, 
when  the  piston  is  at  the  end  of  its  stroke,  for  the  release  of 
the  steam,  or  the  inside  leady  is  2^  we  have 

a^  -\-  hi=  p  sin  a  =  0.35p. 

If  we  make  the  inside  lap  Oj  =  0.05p,  that  is  -^th  of  the  out- 
side lap,  we  have 

0.05p  +  68  =  0.35p,    or    6i  =  0.30p. 

Hence  the  port  is  opened  for  discharge  three  times  as  much 
as  for  entrance,  when  the  piston  is  on  dead  poixit. 

We  can  now  easily  find  the  angle  a^  or  a^  through  which  the 
center  of  the  eccentric  disc  must  turn,  in  order  to  open  the 
port  for  entrance  or  discharge.    For  the  first, 

p  sm  o'l  =  a^j    or    sin  tri  =  — , 

or  inserting  value  of  ai,  viz.,  0.25p, 

sin  a^  =  0.25,    or    o'l  =  14°  29'. 

Further,  p  sin  a^  =  a^    or    sin  a'2  =  —  = =  0.5, 


or 

P  9 


a^  =  2°  52'. 


The  eccentric  has  to  turn  but  a  little,  therefore,  from  its  cen- 
tral position,  in  order  to  open  the  port  for  discharge. 
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If  the  piston  is  at  the  left  end  of  its  stroke,  the  end  of  the 
crank  is  at  hy  or  at  one  dead  point  If  now  h  passes  ihrongh 
the  arc  bk^  we  can  easily  find  the  travel  of  the  piston.  Since 
the  connecting  rod  is  very  long  compared  to  the  eccentricity, 
this  travel  is  U^  and  since  cb  is  half  the  stroke,  or  ^9, 

K  =  6c— ci  =  ^  —  ^  cos  ^  =  ^ (1  —  cos <p). 

For  q)  =  90'',  cos  (p  =  0  and  the  travel  is  •^.    For  tp  =  ISC', 

COS  <?^  =  —  1,  and  ^^  (1  —  (  —  1))  =  8.  Generally  the  travel  of 
the  piston  x  for  any  angle  of  the  crank  is 

X  =  -^{1  —  cos  (p). 

When  the  crank  is  turned  through  the  arc  <p  from  its  dead 
point,  the  eccentricity  makes  the  angle  or  -f  9  with  cfc,  and  the 
travel  w  of  the  valve  is 

w=:  p  sin  {a  +  gi). 

This  travel  is  positive  when  the  motion  of  the  slide  is  in  the 
same  direction  as  that  of  the  piston,  otherwise  it  is  negative. 

1,  Travd  of  the  Piston  up  to  the  End  of  Admission  or  to  the 
Beginning  of  Expansion. — Let  this  travel  «i  be  a  portion  e^  of  «, 
so  that 

S\  •—-  e\8» 

We  wish  to  find  ej.  The  entrance  of  steam  ends  when  the  end 
a  of  the  valve  returns  to  h  again,  on  the  back  stroke.  Before 
the  port  begins  to  open,  the  valve  must  pass  through  the  dis- 
tance oh  —  tti,  or  the  eccentricity  through  the  angle  den  =  n'l. 
If  we  let  fall  from  u  a  perpendicular  to  be  and  prolong  it  to  0, 
oc  is  the  position  of  the  eccentricity  when  the  valve  again  closes 
ihe  port  The  eccentric  revolves  then,  from  beginning  of 
admission  to  cut-off,  through  npo  =  180  —  ^m^.  The  crank,  of 
course,  goes  through  the  same  angle.  But  when  the  eccen- 
tricity is  at  w,  the  crank  makes  an  angle  with  be  oi  a  —  a^.    If 
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we  denote  the  rest  of  the  arc  through  which  the  crank  mast  go 
by  y,  we  have 

a  —  aj  +  y  =  180  —  2a'i,     or 

y  =  180  -  (a  +  «i). 
If  we  insert  this  in  the  equation  of  the  travel  of  the  piston, 

€i«  =  ^  (1  4-  COS  {a  4-  £ri)),  hence 
_  1  -f  cos  (a  -f  ot^ 

Since  a  =  20°  30',  a^  =  14°  29',  we  have  e^  =  0.910.  The  ad- 
mission of  steam,  therefore,  ceases  when  the  piston  has  passed 
through  0.91  of  its  stroke.     Expansion  then  begins. 

2.  Travd  of  the  Piston  np  to  the  Beginning  of  CompressUm^  or 
the  End  of  Rdeaae. — The  compression  begins  w];ien,  on  the  re- 
turn of  the  yalve,  the  corner  g  meets  h.  The  yalve  is  then  dis- 
tant gh  from  its  centre  position,  and  the  eccentricity  makes  the 
angle  0(2  with  cq.  From  d  then  it  makes  the  angle  180  —  a^ 
The  crank  has  passed  through  the  same  angle  from  h  or  from 
I  through 

180  -  o'a  -  or  =  180  -  (a  +  a^. 

But  cos  [180  —  (or  +  oTj)]  =  —  cos  {a  +  a'2), 

and  denoting  the  travel  up  to  beginning  of  compression  by 

fi^  =  €^  =  a?  =  ^[l  +  co&{a  +  flfj)],  or 

_  1  +  cos  (tx  +  Ctj) 
68-  2  • 

If  we  put  for  a  and  ^a  the  numerical  values, 

e^  =  0.969. 
This  position  of  the  piston  is  shown  in  Fig.  97. 
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3.  Travd  of  the  Piston  up  to  the  End  of  Ikpansion  or  to  the 
Point  of  BdecLse, — The  expansion  ends  when  the  valve  has 
moved  so  far  towards  the  left  that/  coincides  with  €.  The 
valve  has  then  moved  towards  the  left  ef  from  its  central  posi- 
tion. Since  ef  corresponds  to  the  angle  ^g,  the  eccentricity 
makes  this  angle  to  the  left  of  q.  Beckoned  from  d^  the  angle 
is  180  +  ^2-  The  crank  has  made  the  same  angle,  reckoned 
from  A,  or  from  h  it  makes 

180  +  a'2  -  «  =  180  -  (a  -  a,). 
If  the  travel  in  the  present  case  8^  =  c^,  we  have 


and 


5j  =  egg  =  -  [1  4-  cos  (a  -  ^a)]» 


1  4-  cos  {a  —  a^ 
C3=  2  • 


Inserting  the  numerical  values, 

e,  =  0.977. 

Since  expansion  begins  at  0.910,  the  duration  of  expansion  is 
0.977  -  0.910  ^=  0.067  of  the  entire  stroke. 

The  position  of  valve  and  piston  in  this  case  is  shown  in 
Fig.  96. 

4  Travd  of  the  Piston  up  to  the  End  of  Compression  of  the  Back 
Pressure  Steam,  or  up  to  the  Admission  of  Driving  Steam^ — The 
compression  ends  when  the  point  d  of  the  valve  coincides  with 
c  The  valve  has  then  moved  cd  from  its  central  position  to- 
wards the  left  The  eccentricity  makes  the  angle  ^^i  with  q,  or 
180  4-  (Xi  with  df  hence  the  crank  makes  from  6  the  angle 

.      180  4-  ^1  -  «  =  18§  -  (or  -  «i). 
The  travel  of  the  piston  up  to  the  end  of  compression  is  then 

^4  =  64^  =  a?  =  ^  [1  4-  cos  (a  —  oTi)],  or 

_  1  4-  cos  (a  —  a^) 
e,^ 2 . 
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Inserting  the  numerical  yalues,  64  =  0.997. 

Tlie  piston  has  then'"  only  a  yerj  small  distance  to  go  to  its 
dead  point     This  position  is  shown  in  Fig.  98. 

Since  for  the  beginning  of  compression  e^  =  0.959,  and  for  the 
end  64  =  0.997,  the  entire  compression  is 

0.997  -  0.959  =  0.038  of  the  stroke,  or  abont 

half  as  great  as  the  expansion.  We  see  also  that  the  compres- 
sion begins  later  and  ends  later  than  the  expansion.  It  is  in- 
dispensable for  smooth  motion  of  the  engine. 

The  fraction  e^  of  the  entire  stroke  «,  which  is  filled  with 
boiler  steam,  is  the  "  coefficient  of  fill."  For  the  usual  propor- 
tions as  given,  it  is  0.91.  This  value  may  be  regarded  as  a 
maximum.  If  the  engine  has  a  special  expansion  yalve,  e^  is 
less,  but  the  other  quantities  e^,  e^,  and  64  are  as  above. 

Steam  Volume  per  StroJcer^Degree  of  ExpansioJi  and  Compres-- 
eion. — ^If  the  area  of  the  piston  is  i^  square  meters,  the  volume 
of  the  entire  stroke  is  Fs  cubic  meters,  and  this  would  be  the 
volume  of  steam  used  per  stroke  if  the  steam  entered  during 
the  entire  stroke  ;  since,  however,  the  steam  enters  during  CiS, 
we  have  for  the  volume  of  steam  used 

FeiS  cubic  meters.  , 

Moreover  the  piston,  when  at  the  end  of  its  stroke,  does  not 
reach  the  cylinder  cover,  but  there  is  a  space  between,  filled 
with  steam.  Also  the  steam  passages  must  each  time  be  filled. 
In  full  pressure  engines  both  these  steam  quantities  contribute 
almost  nothing  to  the  work.  This  space  is  hence  called  the 
"prejudicial  spaced''  In  expansion  engines  these  steam  quan- 
tities take  part  in  the  expansion,  and  hence  for  the  same  degree 
of  expansion  the  pressure  in  the  cylinder  sinks  less  than  when 
there  is  no  prejudicial  space,  while,  during  the  full  pressure 
period,  the  steam  in  this  space  performs  no  work.  Thus  the 
prejudicial  space  increases  indeed  the  delivery  of  expansion 
engines,  but  not  in  the  ratio  of  the  increased  consumption  of 
steam,  and  hence  an  engine  with  a  prejudicial  space  has  a  less 
efficiency  than  without 

Let  the  prejudicial  space  be  a  fraction  e  of  the  cylinder  vol- 
ume.    Then  its  volume  is  Fes  cubic  meters. 
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If  now  steam  enters  during  the  entire  stroke,  the  steam  nsed 
is 

F€8  +  JP«  =  jP«  (1  4-  e)  cubic  meters. 
In  reality,  however,  we  have 

Fes  -f  Fe^8  =  Faie  +  ej). 
The  steam  yolume  at  the  end  of  expansion  is 

Fes  +  Fe^  =  JTj  (e  +  e^. 
Hen'ce  the  "  degree  of  expansion  "  is 

e+e^ 
• 
At  the  moment  when  communication  is  closed  with  the  con- 
denser or  air,  the  inclosed  steam  volume  of  the  condenser  or  aur 
pressure  is 

Fs  +  Fes-  Fe^  =  (1  +  e  -7  Cg)  Fs. 

At  this  moment  compression  begins.  At  the  end  of  compres- 
sion, the  inclosed  steam  volume  is 

Fs-v  Fes  —  Fe^  =  (1  4-  e  —  C4)  Fs. 

Hence  the  ^^  degree  of  compression^^  is 

In  the  ordinary  slide  valve,  we  have  e  about  0.05,  that  as,  the 
prejudicial  space  is  -^hi  of  the  entire  cylinder  volume.  In  this 
case  the  steam  passives  are  about  half  the  length  of  the  cylin- 
der. In  expansion  engines  with  two  slides,  we  have  e  =  0.07  to 
0.075.  If  the  passages  are  very  short,  as  in  the  Oorliss  engine, 
where  the  prejudicial  space  is  only  that  between  piston  and 
cylinder  cover,  e  =  0.02. 
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EXAMPLE. 

What  is  the  degree  of  expansion  when  the  steam  is  cut  off  at  half  stroke  ? 
If  we  take  e  =  0.070, 

__    0.070  4-  0.5    _  0670  _  ^  ,^ 
*'  ""  0.070  +  0.977  ~  1.047  ""  "*****• 


Work  of  the  Driving  Steam. — Ttis  work  in  every  engine  con- 
sists of  two  parts ;  the  one  is  the  action  of  the  full  pressure 
steam,  the  other  is  that  of  the  expanding  steam.  If  p^  is  the 
pressure  of  the  full  steam,  we  have  for  its  work 

A  =  Fsipi. 

If  we  assume  that  during  expansion,  the  steam  follows  the 
law 

we  have  for  the  work  during  expansion 


JPiP 


U}-(^y"i- 


where  v  is  the  specific  steam  volume  at  the  beginning  of  ex- 
pansion. If  the  engine  uses  per  stroke  O  kilograms  of  steam, 
and  if  the  volume  of  this  weight  before  expansion  is  V  and 
after  V^  we  have  for  the  expansion  work 


^=#^i[-(;,r]- 


The  value  of  tii  varies,  as  we  have  seen^  and  depends  upon 
the  amount  of  water  in  the  steam.  On  an  average  we  can  put 
Wi  =  1.125,  when  the  steam  is  taken  directly  from  the  boiler. 
If,  however,  the  steam  is  heated,  or  even  superheated,  before 
it  enters  the  cylinder,  %  may  be  greater.  According  to  Gras- 
hof,  we  can  take  n^  =  1.333,  when  the  steam  is  still  dry  after  ex- 
pansion, when,  therefore,  no  steam  condenses  during  expan- 
sion* 

37 
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As  to  the  yalne  of  p^^  it  is  to  be  taken  somewhat  less  in  find- 
ing the  expansion  work,  when  the  cut-off  is  worked  by  an 
ordinary  eccentric,  because  in  such  case  the  cut-off  is  gradnaL 
We  have,  therefore, 

where  A  is  a  proper  fraction,  which  we  can  take  about  0.95. 
In  Corliss  engines,  where  the  ports  are  suddenly  closed,  /?  =  1, 
einApi  has  its  full  value.^    In  engines  with  large  piston  velocity, 
ft  must  be  taken  much  less  than  0.95. 
The  steam  volume  V  before  expansion  is 

F=  Fea  +  Feya  =  -Fs  (e  -f  Ci), 
and  the  volume  Vi  after  expansion  is 

Fi  =  -Fe»  +  Fe^  =  F8{e-\-  e^). 

If  we  insert  these  values  in  the  above  expression  for  L^  said 
putpi  =  /3pi,  we  have 

or  putting  the  degree  of  expansion —  =  e^, 

A  =  /^iPiFs  (6  +  ed  ^-^^^  . 
If  we  put 

we  have 

Li  =  liPiFs. 

The  expansion  ends  before  the  piston  arrives  at  the  end  of 
its  stroke.  Then  the  exhaust  opens,  and  the  pressure  sinks 
rapidly  to  that  of  the  condenser  or  of  the  atmosphere.  If  in 
this  case  the  mean  pressure  is  ^  we  have,  while  the  piston 
parses  through  a  —  8^^ 

U=zF{8-^  8,)  Pi  =  i?i  (1  -  e,)  2v 
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Hence  the  total  work  of  the  driving  steam  is 

A  +  A  +  A  =  FsiPy  +  \py  Fs  +  jP«(1  —  ei)p^ 

=  eipiFs  4-  \piF8  +  JFT?  (1  —  e,)^ 
=  [(ci  +  ^i)pi  +  (1  -  ^)ft]  JP*. 

Work  of  the  Back  Pressure, — ^We  must  subtract  from  the  work 
just  fonnd  that  of  the  back  pressnre.  Let  the  mean  pressure 
during  the  travel s^h&p^  then 

A  =  Fsj^p^  =  FsCf^p^ 

Now  compression  begins.    Let  the  law  be 

The  value  of  n^  like  that  of  ni,  can  only  be  determined  by 
exact  experiments.  Li  the  average  ti^  =  1.15  (Gbrashof  s  Be- 
sultate  der  mechanischen  Warmetheorie).  The  pressure  at  the 
beginning  of  compression  is  somewhat  greater  than  p^  Li 
general  we  can  take  it  iS^p^  where  Pz  =  1-05.  If  now  we  denote 
the  volume  at  the  beginning  of  compression  by  v%  and  at  the 
end  by  v^^  we  have  for  the  work  of  resistance  during  com- 
pression 

But    Vj  =  i^«  (1  +  c  —  Cs)    and    ^s  =  jP«  (1  +  e  —  64),  hence 

^  = ^5^1 LViTT-J     ~^i 

Since  the  quantity  in  parenthesis,  the  degree  of  compression, 
isfj, 

A  =  /?8J^i^g(l  +  6-e8)^'^*_]^    . 
If  we  put  here 

p  n„  — 1  1 
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When  compression  is  ended,  the  piston  has  not  reached  the 
end  of  its  stroke,  but  has  still  to  go  «  —  «4.  While  it  goes  this 
distance,  steam  enters  from  the  boiler,  and  the  pressure  is  on 
the  average  greater  than  the  mean  pressure  of  the  driving 
steam,  especially  in  high  piston  speed.     Let  it  be  jp4,  then 

I^  =  F{8  -  8;)p^=F8  (1  -64)1)4. 

The  total  work  of  the  back  pressure  is  then 

2:4  4-  A  +  A  =  Facips  +  F8\pi  4-  i^«  (1  -  64)1)4 

=  F8  [1)3(63  +  ;^8)   +  1>4  (1  -  64)]. 

If  we  subtract  this  from  the  work  of  the  driving  steam,  we 
have  the  indicated  work  per  stroke,  that  is,  without  reference 
to  friction,  working  of  pumps,  etc.     Let  this  be  Zo  then 

Li  =  F8  [pi  {61  4-  Ai)  4-  (1  -  e,)p2-pi  {€9  4-  h)  -Pa  (1  -  64)]. 

Since  the  value  of  p^  for  ordinary  stationary  engines,  es- 
pecially  when  not  moving  rapidly,  is  but  little  different  fromi>i, 

Li=F8[p^(e^-¥\-\-e^-l)  4-  (1  -  62)  iJjj-  (e8  4-:^8)M 

As  to  the  mean  pressure  p^  from  ^  to  s,  or  through  8  —  8^,  this 
depends  upon  the  pressure  at  the  end  of  expansion.  But  this 
depends  upon  the  coefficient  of  fill  e^  of  the  cylinder.  The 
greater  this,  so  much  the  greater  is  p^  other  things  being  the 
same.  '  Further,  p%  depends  upon  the  manner  in  which  the  port 
is  opened  for  discharge.  If  opened  quickly,  p^  is  less;  if 
slowly,  p%  is  greater.     Grashof  gives 

Pi  =  ^^Pi  -\-pz-'^Pf^ 

where  p^  is  the  mean  back  pressure.    Under  ordinary  circum- 
stances A  =  0.80. 
If  we  insert  this  value  oip^,  we  have 

i,  =  i^«  [l)i  (6i4- A14-64  -  1)  4- (l-6a)  (A6ii)i4-l)ij~.'\/)i,)~l)&  (^4- ;^8)]. 

If  we  divide  this  by  JR?,  we  have  for  the  mean  effective  press- 
ure 

jr^  =  l)i=  Ih  (^1  4-  Ai  4-  64  -1)  4-  (1  -Cii)  {^e^Pi  +  Pz-  Aps)  -  ft 

(68  +  Ag). 


WORK  OF  THE  BACK  PRESSURE.  581 

If  for  brevity  we  put 

ei  +  ^1  +  64  —  1  4-  Aei  (1  —  e^)  =/i     and 

^8  +  '^8  —  (1  —  '^)  (1  —  ^)  =fzi    we  have 

Hence  the  indicated  work  per  stroke  is 

i,  =  Fsp,  =  Fs  {pj,  -  pj,). 
Jipt  is  given  in  atmospheres,  then 

L,  =  10334  i?%p,  =  lOSUFs  (pj^  -p^fs)' 

Valnes  ofpy  Pi  andp^. — The  pressure  pi  in  the-  cylinder  can  be 
very  different  from  the  pressure  p  in  the  boiler.  This  depends 
upon  how  wide  the  valve  in  the  steam  pipe  is  open,  as  also  the 
throttle  valve ;  also  upon  the  cross-section  and  length  of  the 
steam  passages  in  comparison  with  the  piston  speed,  which  we 
shall  denote  by  c;  upon  the  curves  and  bends  of  the  steam 
pipe ;  upon  its  length  and  radiation.  If  the  steam  pipe  is  com- 
pletely opened,  and  the  passages  have  the  required  cross-sec- 
tion, the  mean  pressure  in  the  cylinder  during  admission  varies 
but  little  from  the  boiler  pressure.  In  other  cases  the  differ-  • 
ence  may  be  considerable.  An  exact  calculation  of  this  differ- 
ence of  pressure,  from  the  diameter  of  the  partially  opened 
steam  pipe,  the  cross-section  and  length  of  the  passages,  etc.,  is 
indeed  hardly  practicable.  It  is  evident  that  in  calculating  the 
delivery  we  must  have  regard  to  the  cylinder  pressure,  and 
when  we  wish  an  exact  determination  of  the  delivery,  we  must 
find  this  pressure  by  the  indicator.  A  long  and  narrow  steam 
pipe,  with  bends  and  angles,  and  not  protected  from  radiation, 
can  make  the  pressure  in  the  valve-box  less  than  the  boiler 
pressure.  We  must  give  to  this  pipe  either  the  same  or  a  some- 
what less  cross-section  than  the  steam  passages. 

The  cross-section  of  these  last  depends  not  only  upon  that  of 
the  cylinder,  but  also  upon  the  mean  piston  speed  c  Through 
these  passages  the  same  amount  of  steam  must  pass  in  a  certain 
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time  as  the  cylinder  nses.  Since  the  yelooitj  of  the  steam  is 
considerable,  we  can  make  the  cross-section  of  the  passages 
less  than  that  of  the  cylinder.  But  steam,  when  it  flows  through 
relatively  narrow  passages,  experiences  a  great  loss  of  velocity, 
which  may  be  quite  considerable  when  the  valve  nearly  closes 
the  parts.  For  a  mean  piston  speed  of  1  meter,  experience 
gives  for  the  cross-section  of  the  canals  ^V^  ^^  ^^^  ^^  ^^  P^~ 
ton.  In  this  case  the  steam  pressure  in  the  cylinder  remains 
constant  during  the  entire  admission.  If  then  the  cross-section 
of  the  steam  passages  is/,  and  that  of  the  cylinder  is  F^  we  have 

We  can  farther  assume  that  the  resistance,  for  the  same 
cross-section,  increases  with  the  velocity ;  that  for  2,  3,  •  •  •  c 
meters  velocity,  it  is  2,  3,  •  •  •  c  times  aa  great.  In  order,  then, 
to  have  only  the  same  resistance  as  for  1  meter,  we  must  make 
the  passages  2,  3,  •  •  •  c  times  as  wide.    Hence 

F~m' 

From  this  formula  we  have  the  following  tabalation 

OBOSS-SECnON  OF  STEAM  PABSAOES. 


*   Piston  speed  \ 

in           V=l 

1.2 

1.5 

2 

3 

4 

6 

meters      ) 

./'-I 

1 

1 

1 

1 

1 

1 

F      30 

26 

20 

15 

io 

7.5 

6 

Engines  with  high  piston  ^peed,  as  locomotives,  require 
therefore  wide  steam  passages.    Thus  for  c  =  2.3  meters, 

If  the  steam  passages  are  calculated  for  a  certain  piston 
speed,  and  we  let  the  engine  work  more  rapidly,  the  pressure 
in  the  cylinder  is  less  than  in  the  valve  box,  and  especially  in 
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engines  working  with  little  expansion,  the  indicator  will  show 
a  noticeable  fall  of  pressure  near  the  middle  of  the  stroke,  be- 
cause here  the  velocity  of  the  piston  is  greatest. 

In  the  calculation  of  projected  engines,  we  must  consider  the 
pressure  pi  in  the  cylinder  as  given,  and  consider  the  boiler 
pressure  as  always  somewhat  greater.  la  engines  which  are 
required  to  give  great  delivery,  the  boiler  pressure  must  be 
taken  still  greater.  It  is  different  with  the  mean  pressure  p^ 
of  the  back  pressure  steam.  This  is  not  given  in  advance. 
I^  however,  the  steam  passages  are  proportioned  as  above, 
we  have  for  stationary  engines 

a,  when  non-condensing,  p^  =  1.15  atmospheres ; 
&,  when  condensing,  p^  =  0.2  atmospheres. 

Locomotives  which  have  a  blast  pipe,  may  have  p^  =  1.15 
to  1.27  atmospheres. 

Shorter  Form  for  the  Expremona  fi  and  fg. — ^The  quantities  e, 
e^  e^  and  64  are  constant  so  long  as  the  angles  of  advance  and 
the  laps  remain  the  same.  Also  /^^  n^  and  A  are  to  be  regarded 
as  constant.  We  can,  therefore,  give  to  the  expressions  in 
which  these  quantities  occur,  a  simpler  form. 

Thus  we  have  found 

1  +  e  — Ca 


f,  = 


1  -f  6  —  64' 


Since  now  e  =  0.05,  ^  =  0.959,  and  64  =  0.997, 

_  1  4-  0.05  ~  0.959  _  0.91  _  ^  --- 
^ ""  1  +  0.05  -  0.997  "  0.53  ""  ^ 

Also  /?8  =  1.05,  and  719  =  1.15,  hence 

»8  =  A(l  +  e- es)  ''\'S^^  =0.053a 

Since  A  can  be  taken  0.8, 

',  =  ei  +  A,-(l-A)(l-ei) 
=  0.959  +  0.0538  -  (1  -  0.8)  (1  -  0.977)  =  1.0082. 
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Finally, 
/i  =  ei+A,+ei~l4-Ae,(l-^)  =  ei +Ai +0.997 -l+0.8ei  (1-0.977) 
=  1.0184ei  +  Ai  -  0.003. 

Shortest  Form  of  thb  Formtdafor  the  Indicated  Delivery. — The 
formula  already  found  for  the  effective  pressure  pi  becomes 
now 


Fs 


=  Pi=Pi  (1.0184£.  +  Ai  -  0.003)  -  jp^  X  1.0082, 


or 


Lt  =  Fspt  =  Fs  [pi  (1.0184ei  +  A^  -  0.003)  -  1.0082ft], 


where  pi  and  p^  are  the  pressures  in  kilograms.    If  pi  and  p^  are 
given  in  atmospheres, 

Lt  =  103d4F8[p,  (1.0184et  +  A,  —  0.003)  - 1.0082^]. 

So  soon  then  as  we  know  for  any  engine  (which  must  have 
the  assumed  angle  of  advance,  etc),  the  coefficient  of  fill  ei  and 
A„  we  can  find  X,.    Also,/i  =  1.0184ei  +  A^  -  0.003. 

€hrashof,  in  his  ''^Besultaten  der  mechanischenWarmetheorie, 
has  found  fi,  Ai,/i  for  different  values  of  e,,  as  given  by  the 
table  below.  The  table  also  contains  A^i*S  which  gives  the 
pressure  PiPi^^^  at  the  end  of  expansion. 


I 


«1 

«! 

Ai 

/i 

y?i«i"« 

0.1 

0.1623 

0.2627 

0.3615 

0.128 

D.15 

0.2100 

0.2968 

0.4461 

0.164 

0.2 

0.2578 

0.3199 

0.5206 

0.207 

0.25 

0.3055 

0.3851 

0.5867 

0.250 

0.8 

0.3533 

0.3428 

0.6453 

0.295 

0.35 

0.4010 

0.3444 

0.6978 

0.840 

0.4 

0.4488 

0.8404 

0.7448 

0.386 

0.45 

0.4965 

0.8312 

0.7865 

0.432 

0.5 

0.5443 

0.3171 

0.8238 

0.479 

0.55 

0.5920 

0.2987 

0.8558 

0.527 

0.6 

0.6398 

0.2765 

0.8845 

0.575 

0.65 

0.6875 

0.2501 

0.9091 

0.628 

0.7 

0.7353 

0.2206 

0.9805 

0.672 

0.75 

0.7830 

0.1876 

0.9484 

0.721 

0.8 

0.8308 

0.1514 

0.9631 

0.771 

0.85 

0.8785 

0.1119 

0.9745 

0.821 

0.9 

0.9263  • 

0.0700 

0.9836 

0.872 

0.91 

0.9358 

0.0618 

0.9855 

0.882 
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From  these  values  the  values  of  pi  in  the  following  tables 
are  calculated  for  different  values  of  61  and  pi.  The  first  table 
applies  to  non-condensing  engines,  the  other  to  condensing. 
In  the  first,  the  mean  back  pressure  ps  is  1.1 ;  in  the  other,  0.2 
atmospheres.     Gases  in  which  Apifi"^  <  pz  are  excluded. 


Pi  FOB  NON-COin)ENSING  ENGINES 


C.  = 


i>i=8 

i>i  =  4 

Pi  =5 

Pi=« 

Pi  =7 

Pi  =  8 

Pi  =9 

=  0.1 

•  ■  •  • 

.... 

•  ■  •  • 

•  •  •  • 

•  •  •  • 

2.146 

0.15 

•  •  •  • 

.... 

»  »  •  • 

2.014 

2.460 

2.906 

0.2 

•  •  •  • 

.  ■  ^ . 

2.015 

2.585 

8.056 

8.577 

0.25 

•  •  •  • 

1.825 

2.411 

2.998 

8.585 

4171 

0.8 

1.472 

2.118 

2.763 

8.408 

4054 

4699 

0.85 

1.682 

2.380 

3.078 

8.770 

4474 

5.171 

0.4 

1.126 

1.870 

2.615 

8.860 

4105 

4860 

5.594 

0.45 

1.251 

2.037 

2.824 

3.610 

4397 

5.188 

5.970 

0.5 

1.361 

2.184 

3.008 

8.831 

4654 

5.478 

6.301 

0.55 

1.459 

2.814 

8.170 

4.026 

4882 

6.788 

6.598 

0.6 

1.545 

2.429 

8.814 

4.198 

5.088 

5.967 

6.852 

0.65 

1.618 

2.528 

8.437 

4.846 

5.255 

6.164 

7.078 

0.7 

1.683 

2.613 

3.544 

4474 

6.405 

6.335 

7.266 

0.75 

1.786 

2.685 

8.688 

4.582 

5.580 

6.478 

7.427 

0.8 

1.780 

2.744 

8.707 

4.670 

5.688 

6.596 

7.559 

0.85 

1.815 

2.789 

8.764 

4788 

5.713 

6.687 

7.662 

0.9 

1.842 

2.826 

8.809 

4793 

5.776 

6.760 

7.744 

0.91 

1.848 

2.888 

8.819 

4804 

5.790 

6.775 

7.761 

pi    FOB  CONDENSING  ENGINES. 

p,  =  1.5 

Pi  =2 

p,  =  2.5 

P.  =8 

P.=4 

p,  =6 

Pi  =  « 

=  0.1 

•  •  •  • 

0.521 

0.702 

0.888 

1.244 

1.606 

1.967 

0.15 

0.468 

0.691 

0.914 

1.137 

1.588 

2.029 

2.475 

0.2 

0.579 

0.840 

1.100 

1.860 

1.881 

2.401 

2.922 

0.25 

0.678 

0.972 

1.265 

1.558 

2.145  • 

2.732 

8.819 

0.3 

0.766 

1.089 

1.412 

1.784 

2.380 

8.025 

8.670 

0.85 

0.845 

1.194 

1.548 

1.892 

2.590 

8.287 

8.985 

'   0.4 

0.916 

1.288 

1.660 

2.088 

2.778 

3.522 

4267 

0.45 

0.978 

1.371 

1.765 

2.158 

2.944 

8.781 

4617 

0.5 

1.038 

1.445 

1.857 

2.268 

8.092 

8.915 

4738 

0.55 

1.082 

1.510 

1.988 

2.366 

8.222 

4077 

4988 

0.0 

1.125 

1.567 

2.010 

2.452 

8.886 

4221 

5.105 

0.65 

1.162 

1.617 

2.071 

2.526 

8.485 

4844 

5.253 

0.7 

1.194 

1.659 

2.125 

2.590 

8.520 

4451 

5.881 

0.75 

1.221 

1.695 

2.169 

2.644 

8.592 

4540 

5.489 

0.8 

1.248 

1.725 

2.206 

2.688 

8.651 

4614 

5.577 

0.85 

1.260 

1.747 

2.285 

2.722 

8.696 

4671 

5.645 

0.9 

1.274 

1.766 

2.257 

2.749 

8.788 

4716 

4700 

0.91 

1.277 

1.769 

2.262 

2.755 

8.740 

4726 

5.711 
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From  these  two  tables  we  can  take  the  mean  effective  press- 
nre  for  different  coefficients  of  fill,  and  then  can  find  the  indi- 
cated work  per  stroke  from  the  formula, 

X,  =  10334  2^4Pi. 

If  tf  is  the  number  of  revolutions  per  minute,  and  hence  2tf 
the  number  of  strokes,  the  indicated  work  per  second  is 

2uLi  __  10334  X  ^uptFa 
60    "  60 

or 

-KTT-  =  10334^/  ^  Fs  meter-kilograms. 

In  horse  power* 

T,j         uLi  10334  ^ 

^'=30x75  =  30—75^^'^'- 

Since  the  engine  makes  in  1  minute  iu  strokes,  and  each 
stroke  is  a  meters  long,  the  distance  passed  over  by  the  piston 
per  minute  is  ^m  meters,  and  in  one  second 

2U8  _  US 

"60"  ""30 

This  is  therefore  the  mean  velocity  c  of  the  piston. 
We  have  then  c  in  place  of  o?r  >  aiid 

T,j      10334     ^ 


ExAMPLB  1. — ^The  diameter  of  the  cylinder  of  a  non-condensing  engine  is  0.47 
meters,  the  stroke  s  =  1.044  meters,  the  number  of  reyolutions  per  minute  is  24, 
and  the  pressure  in  the  cylinder  ^i  =  4  atmospheres.  What  is  the  deliveiy  per 
second  when  the  proportions  of  the  slide  yalre  are  as  has  been  assumed  in  our 
discussion  ? 

First,  F=^  =  0.7854d«  =  0.7854  x  (0.47)*  =  0.1784. 
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Now  from  our  tables,  for  a  pressure  of  4  atmospheres  and  e^  =  0.91,  pi  = 
3.888.    Hence 


and 


Li  =  10884  X  2.833  x  0.1784  x  1.044  =  5801  m.  kU. 
Ni  =  4508  X  24  X  2.838  x  0.173  x  1.044  =  56.4  horse  power. 


Example  2.-- What  woulJ  be  the  delivery,  if  c,  =  0.4  ? 
In  this  case 

Pi  =  1.870,    and 

Ni  =  4593  X  24  X  1.87  x  6.173  x  1.044  =  87.23  horse  power. 

S7  28 
The  delivery  is  then  ~-^ ,  or  0.66  of  the  first,  while  only  about  0.4  as  much 

steam  is  used,  and  henoe  not  half  as  much  fueL 

Work  of  the  Engine  when  Disconnected. — ^From  the  indicated 
work  of  the  engine,  just  calculated,  we  must  subtract  that  re- 
quired to  work  the  pumps,  eccentrics,  and  overcome  the  va- 
rious frictional  resistances.  We  obtain  this  work  if  we  deter- 
mine that  of  the  disconnected  engine,  and  then  increase  this 
latter  by  a  certain  amount,  as  given  by  experiment ;  because 
the  work  required  by  the  friction  of  a  working  engine  is  greater 
by  a  certain  amount  than  that  of  an  engine  running  without 
overcoming  useful  resistance. 

The  greatest  part  of  the  work  in  question  is  required  to  run 
the  fiy-wheeL    Let  us  estimate  it  first 

Theory  of  the  Crank. — The  fly-wheel  serves  not  only  to  con- 
vert reciprocating  motion  into  circular  or  rotary,  and  to  carry 
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the  motion  past  the  dead  points  U  and  0,  bnt  also  to  make  the 
motion  uniform. 

If  BAj  Fig.  102,  is  the  connecting  rod,  CA  the  crank,  the  rod 
exerts  either  compression  or  tension  upon  the  crank.  If  the 
rod  has  the  position,  and  rotation  takes  place  as  s^own  by  the 
arrows,  it  acts  to  cause  compression.  If  the  crank  is  at  A^,  or 
Azi  the  rod  causes  tension.  Let  AR  =  Q  be  the  pressure. 
This  pressure  only  acts  in  part  to  cause  rotation.  That  part, 
namely,  which  is  perpendicular  t<$  the  direction  of  the  crank, 
or  which  acts  in  the  direction  AX,  By  the  other  component  of 
Qy  the  crank  is  forced  against  the  bearings  and  the  friction  in- 
creased. If  now  we  decompose  AR  =  Q  into  the  directions 
^Xand  ACy  AD  is  the  force  causing  rotation,  and  AE  is  that 
causing  compression.    If  the  angle  DRA  =  RAG  =  y,  we  have 

AD  =  Q&iny (1). 

and 

AE  =  Q  cos  y. 

The  resistance  opposes  the  force  Q  sin  y.  Let  it  be  AP  =  P, 

and  constant    at    all 
yA  points  of    the    crank 

Hy^  circle.      We    assume 

that  the  work  of  rota- 
tion is  equal  to  that  of 
the  resistance.  There 
are  then  four  points 
in  which  the  driving 
force  Q  sin  y  is  equal 
to  the  resistance  P. 
These  points  can  be 
easily  found.  For  this  purpose  we  assume,  for  the  sake  of 
simplicity,  that  the  connecting  rod  is  very  long  compared  to 
the  crank.  The  results  thus  obtained  deviate,  as  we  shall  see 
later,  but  little  from  those  obtained  under  the  assumption  of  a 
finite  rod.  If,  therefore,  the  rod  is  assumed  very  long,  it  is 
always  parallel  to  UO,  and  we  have 

Qsiny  =  Q&m  ACU  =  P    •    .    .    .     (2). 

and 

p 
sin  ;^  =  sin  ACU  =  -^ (3). 
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Let  US  assume  the  engine  to  work  with  full .  pressnre.  The 
force  Q  —  AR  remains  then  constant  during  the  whole  dis- 
tance UO  =  2?%  The  work  of  this  force  is,  for  an  entire 
revolution,  4r^. 

The  work  of  the  resistance  P  in  the  same  time  is  2/rrP,  and 
since  both  works  are  equal, 

2Q=  TtP    ......    .    (4). 

or 

P  =  —  0  =  0.6366Q  ....        (5). 

The  resistance  cannot  be  greater  for  uniform  motion.  If  we 
insert  this  value  in  (1)  we  have 

sin  K  =  sin  ^CU  =  0.6366, 
or  the  angle 

r==ACU  =  drd2'. 

When,  then,  the  crank  makes  the  angle  39°  32'  with  J70,  the 
moving  or  tangential  force  is  equal  to  the  resistance  F.  For 
every  other  position  of  the  crank  the  tangential  moving  force 
varies  with  the  angle.  If  we  make  A^CO^  A^COy  A^GU  eqadX  to 
ACUfWe  have  at  the  points  Ai,  A^  A^  the  moving  force  Q  sin 
y  equal  to  the  resistance  F.  Between  A  and  Ai,  and  between 
A2  and  A^  the  moving  force  is  greater,  while  between  Ai  and 
A29  and  Ai  and  A,  it  is  less  than  the  resistance.  But  since  the 
work  of  the  force  must  be  equal  to  that  of  the  resistance,  the 
excess,  in  the  first  portions,  must  equal  the  deficiencies  in  the 
other  two.  In  order  to  accomplish  this,  it  is  necessary  to  at- 
tach a  heavy  weight  to  the  axle.  Such  a  weight  is  the  fly  wheel 
The  object  of  the  fly  wheel,  then,  is  to  receive  the  .excess  of 
work  on  AAi  and  -^2-^3,  and  give  it  up  along  AiAi,  and  A^. 

Cdkiiixdym  of  the  Weight  of  Fly  Wheel — ^We  can  now  easily 
find  the  weight  8  of  the  fly  wheel.  Suppose,  first,  a  weight 
Si  upon  the  crank  pin,  which  has  the  same  living  force 
as  the  fly  wheel,  or,  more  simply,  of  the  fly  wheel  rim.  If  the 
mean  velocity  of  the  weight  is  v  and  that  of  rim  Vy  we  must 
have,  when  the  one  mass  is  replaced  by  the  other,  Sii^  =  SV^y 
or 

S  =  Sr(^y (6). 
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If  the  mean  radios  of  the  rim  is  By  and  of  the  crank  r  =  -^, 

we  have 

v:V::r:B,    or     ^—^  =  (^J-j.   .    .     (7). 

Hence  from  (6) 

^=^^(iy- w- 

We  have  now  to  determine  the  weight  /Si. 
Since  from  ^  to  Ai  there  is  an  excess,  of  force,  there  is  an 
increase  of  velocity.    If  the  velocity  at  J.  is  t;i  and  at  Ai,  t^ 

M  it  M  m 

the  living  force  at  -4  is  ^  8p  and  at  -4„  ^8i. 
Hence  from  Aix}  Ai  the  living  force  stored  is 


2? 


^1 (9> 


This  work  is  given  up  from  Ai  to  A^,  absorbed  again  from  A^ 
to  A^,  and  so  on.    If  now  the  mean  velocity  is  v,  then 

-^-^ — -  =  V,    or    Vi-\-  V2  =  2v.     .    .    .    (10). 

We  denote  the  ratio  of  the  difference  between  the  greatest 
and  least  velocities  {v2  —  Vi),  td  the  mean  velocity,  by  the  term 
"  coefficient  of  irregtHarUy^^^  and  represent  it  by  6.    Thus 

^  ^V^-V,    ^     ^^     t)d  =  V,--Vi.     .      .      (11)- 

• 

This  coefficient  must  be  taken  less,  according  as  more  uni- 
formity is  required.  Thus  the  coefficient  should  be  much  less 
for  an  engine  required  to  run  a  cotton  mill,  for  instance,  than 
for  working  pumps,  etc. 

From  (10)  and  (11) 

Vj*  -  vi^  =  2v^S. 

Inserting  this  in  (9)  we  have  for  the  increase  of  living  force 
from  A  to  -Ai, 

^8. (12). 
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We  can  now  obtain  another  expression  for  this  work.     The 
force  Q  performs  from  ^  to  ^i  the  work 

2Cr  cos  y  =  2Cr  coa  39°  32'  =  1.6424^. 

The  resistance  P  =  0.6366^  is  overcome  through  AAi,  or 
through  an  arc  of  180  -  2  (39°  39)  =  100°  66'.    The  length  of 

this  arc  is  — ^^ —  tv  =  1.7616r. 

Hence  the  work  of  the  resistance  is 

1.7616r  X  0.6366  C  =  1.1214^. 

The  excess  of  the  work  of  the  force  is  then 

(1.5424  -  1.1214)  Qi-  =  0.4210^. 

This  excess  must  be  equal  to  that  of  the  living  force. 
Hence 

—  8i  =  0.4310  Qr,    or    v'Si  =  0.4210  ^  g. 


Since        S^i^  =8r*  =  8(^^  vV  =  S  (~)  V  we  have 


8  (^^Jv^^  0.4210  ^g,  or 


-S  =  0.4210  (^ygsr (18). 

For  a  finite  connecting  rod  v^8i  is  somewhat  greater.    If,  for 
example,  the  connecting  rod  is  6  times  as  long  as  the  crank,  or 

j-=  ^ ,  we  find  by  similar  calculation 


8  =  0.4978 
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For      r=i 

T 

For      ^=i 


^  =  0.5164(^/1^^,. 


If  the  engine  works  expansively,  then  for  the  same  delivery 
and  otherwise  similar  circumstances,  th^  above  expressions 
must  be  multiplied  by  the  expression 

0.77  +  0.23  -  -  0.017  (^V  ....     (14). 

where  e^  is  the  coefficient  of  fill  of  the  cylinder.    Thus  for  Ci  = 
0.5,  or  for  cut-off  at  |  the  length  of  cylinder, 

0.77  +  0.23  X  2  -  0.017  x  4  =  1,162. 

We  shall  now  express  Qr  in  terms  of  the  indicated  work  L^ 
The  force  Q  represents  the  mean  effective  pressure  upon  the 
piston,  hence 

where  pi  is  given  in  kilograms  per  sq.  meter.     Hence 

Qr  =  rFpt  =  isFj^t  =  i  A- 

Substituting  this  in  the  above  expressions,  and  inserting  the 
value  of  ^  =  9.81  meters,  we  have  for 


I    * 


iS^=  2.439 


(i) 


I      * 


«=^«^a)',4 
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^=2.664(0 


The  weight  5  is  that  which  when  applied  at  the  distance  B 
from  the  center  G  of  the  shaft,  will  cause  the  required  degree 
of  tmiformity  of  motion. 

Now  every  fly  wheel  consists  of  a  rim  and  4  or  8  arms.  If 
we  let  S  refer  to  the  rim  alone,  then  by  reason  of  \A^e  inertia  of 
the  arms  the  degree  of  irregidarity  will  be  less  than  that  as- 
sumed in  the  calculation.  We  may,  therefore,  take  about  0.9  of 
the  above  values  for  S  and  consider  this  as  the  weight  of  the 
rim.    We  have  then 


(1.)  for   j^\ 


^^  =  2.195  (J)  ^. 


(2.)  for    J  =  i 


(3.)  for   1=  i 


^^  =  2-273  (i-)^, 


8.  =  2.398  (^)% 


These  formulsB  apply  to  full  pressure  engines.  For  engines 
working  expansively,  we  must  multiply  by  the  coefficient  given 
by  (14^. 

If  the  arms  are  T^^ths  of  the  weight  of  the  rim,  and  if  we  de- 
note the  weight  of  the  fly  wheel  shaft  by  iS„,  and  the  total 
weight  of  shaft  and  wheel  by  8,  we  have 

S  =  Sto  +  1.3i8y . 

EXAMPLE. 

What  weight  must  the  fly  wheel  have  for  the  engine  of  page  586,  of  56.4 
horse  power,  or  Z<  -.=  5801  meter-kilograms  ?    The  coefficient  of  iiTegularity  d  is 

taken  -^f,  and  -j  =  ^-  and  -=  =  i , 
38 
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The  circumference  of  the  crank  circle  is  2nr  =  its.    Since  there  arc  u  revo- 

,  ..                 •     *     *u                  1    -4.       •     ^^        8.1416  X  1.044  X  24       ^  ^ 
lutions  per  mmute,  the  mean  velocity  v  is  =  ^ =  1.82 

meters.    Hence 

A-  =  2.278  (lY  -^L—  =  8862  Irilogiams. 


If  with  the  same  delivery  the  coefficient  of  fill  is  ei  =  0.5,  we 
must  multiply  this  weight  by  0.77  +  0.23  x  2  -  0.017  x  4  = 
1.62y  and  h^nce 

8r  =  10298  kilograms. 

The  weight  of  the  entire  fly  wheel,  in  the  first  case,  is  1.3  x 
8862  =  11521,  and  in  the  second  1.3  x  10298  =  13387  kilograms. 

Since  the  friction  of  the  fly  wheel  journals  consumes  a  con- 
siderable amount  of  the  work,  we  should  have  the  weight  as 
small  as  possible,  and  make  the  radius  as  great  as  possible. 

Dimenaicna  of  the  Rim  and  Arms. — ^If  we  know  the  weight  of 
the  rim,  we  can  easily  find  its  dimensions.  We  denote  the 
cross-section  by  ^i  and  the  weight  of  1  cubic  meter  of  cast  iron 
^y  y*  (Since  the  specific  weight  of  cast  iron  is  7.4,  1  cubic  me- 
ter weighs  1000  x  7.4  =  7400  kilograms.}  ^  The  volume  of  the 
rim  is  then 

2nRFi  cubic  meters, 
and  its  weight 

inRFxY. 

We  have  then 

8r  =  27rRFiy, 

or  putting  y^  7400  kilograms, 

iS,  =  46472i?i?\, 
and  hence 


F,= 


4&4:72B  ' 


In  general,  we  make  the  radial  depth  of  rim  1  to  2  times 
the  thickness.  If  the  first  is  d  and  the  second  b,  we  have 
Fi  =  bcU 
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If  we  denoto  the  nnmber  of  arms  by  n,  and  the  cross-section 
by  Fiti  the  weight  is 

liOOnFffi, 

foul  we  have 

iSr  =  liOOnFiR. 

To  smaller  wheels  we  may  give  4  arms,  to  larger  6  or  even  8. 
If  n  is  given,  we  hava 


F,^ 


23&0OnB 


EXAMPLE. 

What  must  be  the  cross-sections  J^^  and  F^  for  the  flywheel  of  the  full 
pressure  engine,  already  mentioned,  for  which  the  weight  of  fly  wheel  rim  has 
been  found  8862  kilograms,  and  the  mean  radius  R  =  2M  meters  ? 


8862 
We  have  F^  =  ^^..^ — ^-ztt  =  0.0729  square  meters.    If  we  take  b  =  ^d,  we 

4o47^  X  ».ol 


have 


Ft  =  0.0729  =  ids  or  <?  =  V0.1094  =  0.881  meters,  or  88.8 
centimeters,  and  &  =  |  x  88.8  =  22.2  centimeters. 

For  the  arms,  if  we  have  8  of  them, 

8862 

Diameter  of  the  Journals —  Weight  of  the  Shaft — ^We  can  now 
find  the  weight  of  the  shaft  The  journals,  according  to  Morin, 
should  have  the  diameter 


di=  20  i  /  --  centimeter 


=»i/f 


where  JV,  is  the  indicated  horse  power  and  u  the  nnmber  of 
revolutions  per  minute.     The  diameter  of  the  shaft  can  be  1  or 
2  centimeters  greater. 
For  our  full  pressure  engine,  Nt  =  56.4  horse  power,  i*  =  24 ; 

hence 

di  =  20  i/-^  =  26.62  centimeters. 
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If  we  make  the  diameter  of  the  shaft  28.62  centimeters,  and 
assume  it  is  3  meters  long,  the  weight  is  approximately 

7400  X  3.14  (0.143)^  x  3  =  1421  kilograms. 

Hence  the  weight  of  fly  wheel  and  shaft  is 

8  =  1421  + 11521  =  12942  kilograms. 

Mean  Effective  Pressure  Necessary  for  Overcoming  the  Resist^ 
ance  of  Friction. — Since  we  now  faiow  the  diameter  di  of  the 
shaft  and  journals,  and  the  weight  of  fly  wheel  and  shaft,  we 
can  find  the  work  required  to  overcome  the  journal  friction. 

The  circumference  of  the  journal  is  ndi.  If  we  put  coefficient 
of  friction  =  Ci,  we  have  for  tiie  work  per  stroke  (per  half  revo- 
lution) 

indiCiS. 

lipt  is  the  mean  effective  pressure  per  square  meter  of  the 
piston,  required  for  this  work,  the  work  of  the  steam  per 
stroke  is 

lOaUpsFs  =  10334  ^  %  , 

where  d  is  the  diameter  of  the  piston.    We  have  thus  p„ 

_  4  X  JTrdiCiS  __     2dtCi8 
^•"    103347rrf¥"  "  I033iP^' 

If  we  take  the  coefficient  of  friction  Ci  =  0.1,  we  have 

J).  =  0.00002^. 

For  the  mean  effective  pressure  pty  required  to  overcome  the 
friction  of  the  piston,  piston-rod,  cross-head,  crank-pin,  eccen- 
tric, slide  valve,  and  feed  pump,  Grashof  gives 

0.0227 
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We  have  accordingly  for  the  mean  eflfectiye  presBure  of  the 
engine  when  disconnected, 

ft.  =  0.00002  f..?^. 

For  condensing  engines,  we  have  also  the  air  and  cold  water 
pnmps. 

Mean  Effective  Pressure  required  for  tvorhing  the  Odd  Water 
and  Air  Pumps. — If  we  assume  that  the  engine  requires  per 
hour  D  kilograms  of  steam,  and  n  times  as  much  cold  water  for 
condensing  this  steam,  the  cold  water  pump  must  furnish  per 
hour  nD  kilograms  of  cold  water.  If  the  height  is  h  meters, 
the  work  required  to  furnish  this  water  is  per  hour  nDk  meter- 
kilograms. 

We  may  allow  that  at  each  stroke  '^^1^  ^^  ^^®  water  falls 
back,  that  therefore  not  7i/>,  but  (1  +  0.1)  nD  =  l.lnD  kilo- 
grams must  be  raised  the  distance  L  Hence  the  work  per 
hour  is 

hlnDh 

If  we  allow  )d  of  this  for  resistance  of  friction,  we  have  for 
the  actual  work  required  per  hour, 

I  X  iinDh, 

and  per  ipinute,  about 

IMDh 

60      • 

If  now  pg  is  the  mean  effective  pressure  upon  the  piston  re- 
quired to  perform  this  work,  we  have  for  the  work  of  the  steam 
per  minute  (u  revolutions), 

10334  X  2uJFspg. 

This  work  must  equal  the  preceding,  hence 

10334  x2«J'9>,  =  ^-^. 
or 

,  =  0.00015  ^y^  very  nearly. 
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Let  us  now  determine  the  work  required  by  the  air  pump. 
This  has  to  remove  the  water  weight 

(n  +  l)D 

• 

kilograms  from  the  condenser.  This  requires  the  space 
0.001  (n  +  1)  2)  cubic  meters.  In  removing  the  water  from  the 
condenser,  the  pressure  overcome  is  that  of  the  atmosphere  less 
the  condenser  pressure.  Upon  the  return  stroke,  the  con- 
denser pressure  is  overcome.  In  each  double  stroke  the  aver- 
age pressure  is  then  that  of  the  atmosphere.  The  work  is 
then 

10334  X  0.001  (n  +  1)  2)  meter-kilc^rams  per  hour, 

or 

10334 


60 


X  0.001  (n  +  1)  D  per  minute. 


If  j9e  is  the  mean  effective  pressure  which  performs  this  work, 
we  have 

1033^,^«2w  =  ^^^  X  0.001  (n  +  1)  D, 


or 


!>.=  0.001  L^2aFi^_. 


Since  the  pump  must  also  move  the  air  from  the  condenser, 
and  the  frictional  resistance  must  be  overcome,  we  should,  ac- 
cording to  Grashof,  at  least  double  this  pressure,  and  thus 
have 


«  -00029  (^  +  ^)^ 


If  we  neglect  1  in  comparison  to  n, 


^- = o-*^^  ^^ 
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We  haye,  then,  for  the  mean  effective  pressnre  in  the  cylin- 
der, required  for  working  the  cold  water  and  air  pumps, 

P,  -f-  p,  =/.  =  0.00015  ^  +  0.0022  ^ 

=  0.00016«(A  +  16)j^. 
As  a  rule,  n  =  20,  and 

p„  =  (0.003A  +  0.045)  j2^  • 

Hence  the  mean  effective  pressure  jp^  of  the  engine,  when 
disconnected,  if  condensing,  is 

A/wv^o  d^S      0.0227   .     , 
p^  =  0.00002  ^y  +  — ^—  +i>'^ 


or 


p»  =  0.000021^+?:™: 

+  (0.003A  + 0.045)  j^ 

Useful  Delivery. — ^The  work,  therefore,  of  the  engine  when 
disconnected,  per  stroke  is  L^  =  -F«pm,  where  jp»j  is  to  be  found 
as  above  for  condensing  or  non-condensing  engines.  If  we  sub- 
tract this  work  from  the  indicated  delivery,  we  have  the  useful 
work  per  stroke.    For  this,  then, 

Lu  ^=^  Li  —  Lff^ 

Now  it  is  evident  that  the  work  !>,»  absorbed  by  the  different 
frictional  resistances  and  by  the  working  of  the  pumps,  is 
greater  when  the  engine  is  at  work  than  when  disconnected. 
According  to  Pambour,  we  must  increase  the  work  of  the  re- 
sistances by  a  part  of  the  useful  work,  and  then  subtract  from 
A*     Thus  he  takes  this  part  at  0.12  to  0.14:L(„  and  hence 

i«  =  i,  -  {L^  +  0.13i«), 
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or 

L^  -r  0.13jLu  ^=  Li  —  L^^ 
or 


i„  = 


'm 


1.13     • 


Hence,  Hpu  is  the  mean  effectiyd  pressure  required  for  the 
useful  work, 


^^*- L13 ' 


or 


-P-         1.13    ' 

If  we  have  u  revolutions  per  minute,  the  horse  power  of  use- 
ful work  is 

"  "  30  X  75  ""    75    ' 

where  pu  is  in  kilograms  per  square  meter. 
For  the  indicated  efficiency  (m,)  of  the  engine,  we  have 

Li      Ni      Pi 

Steam  Weight  per  Hour, — According  to  Volkers,  the  steam 
weight  per  hour  D  is  given  by 

D  =  12QF8U  [(e  +  ei)  >^i  -  ey{\  +  450cZ  V^. 

Here,  yi  denotes  the  weight  in  kilograms  of  1  cubic  meter  of 
steam  at  the  pressure  p^  atmospheres,  •  which,  for  saturated 
steam  is  given  by  Table  II. 

For  non-condensing  engines,  y^  =  1.32 ;  and  for  condensing, 
0.264 

The  second  term  includes  the  loss  of  steam  and  heat,  as  also 
the  moisture  of  the  steam,  for  engine  in  average  good  con- 
dition. 

Finding  thus  2),  we  can  find  p^n  from  the  formula  already 
given  for  that  quantity. 
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Dimensions  of  the  Condenser  and  Pumps, — ^We  haye  seen,  P^e 
469,  that  the  ratio  n  of  the  weight  of  cooling  water  and  con- 
densed steam  is  given  by 

600-f 

where  ^  is  the  temperature  of  the  condenser  water,  and  ^o  that 
of  the  injected  cold  water. 

If  we  take  as  a  mean  temperature  f^  =  46°,  corresponding  to 
a  pressure  of  ^V^  atmosphere,  and  ^  =  18°,  we  have 

__  600-46  _  554  _  ^ 
''■"    46-18~l8"~'^"' 

If  /«  is  less  than  18°,  n  may  be  less  than  20. 
The  Tolume  of  the  condenser  is  taken 

n     Fa  .    Fa 

that  is,  id  or  Jth  of  the  cylinder  volume. 

Let  now  Fi  be  the  volume  described  by  the  piston  of  the 
cold  water  pump  per  stroke,  then 

is  the  space  described  per  minute.  If  the  pump  is  double  act- 
ing, this  is  the  water  quantity  furnished  per  minute.  If  it  is 
single  acting,  the  quantity  is  uVi  cubic  meters. 

In  the  first  case,  the  water  per  hour  is  2  x  Qfki  F^  and  in  tiie 
second  60^^  Fi  cubic  meters. 

Now  the  steam  weight  per  hour  is  2),  and  the  water  weight 
required  for  condensation  is  uD.    The  entire  weight  (w  +  1)  D 

takes  the  space  ^-^|7^^ —  cubic  meters. 
We  have  then  for  Fl 
(a.)  For  a  douUe  acting  auction  pump^ 

y  _         (n  +  1)D  _{n  +  1)D  ^.        ^^ 

'^'~1000x2x60x«-  120000«   ^^^"^ "*®*®"' 
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If  about  10  per  oeni  of  water  falls  back,  we  must  increase  Vi 
byiVth-    Then 

'^^  ~        120000m  ~  1090912*  ' 
for  which  we  may  put 


Y  —  ^^  cubic  meters. 

^      108000m 


(6.)  l^or  fiiTigrfc  oc^in^  pump, 
we  have  double  this,  or 


Vi  =  -ftaaa—  cubic  meters. 
o4000m 


Quantity  of  Fud  (B)  per  Hour. — When  we  know  the  steam 
weight  D  per  hour,  we  can  easily  find  the  amount  of  fuel  re- 
quired for  the  generation  of  this  steam,  when  the  heating  valne 
of  the  fuel  and  the  efficiency  of  the  boiler  and  grate  are  known. 

We  know  that  1  kilogram  of  steam  requires  for  its  generation 

ir  =  606.5  +  0.305^  heat  units. 

D  kilograms  then  require  WD. 

If  1  kilogram  of  fuel  furnishes  by  complete  combustion  K 
heat  units,  we  have  for  WD 

when  all  the  heat  goes  to  generate  steam. 

But  only  a  part  of  the  fuel  is  completely  consumed,  eyen  if 
the  greatDst  part.  Then,  the  hot  gases  of  combustion  carry 
oft  a  large  amount  of  heat,  and  only  a  part  of  J^  is  effectiye 
to  heat  the  boiler  plates.  This  part,  the  ratio  of  which  to 
the  total  heating  power  B  of  the  fuel  we  call  the  efficiency  of 
the  grate,  we  denote  by  Wi.  Further,  not  all  the  heat  which 
enters  the  boiler  plates  goes  to  heat  the  water.  A  part  is  lost 
by  reason  of  ra^iiation  and  imperfect  condnction.  The  heat 
which  the  water  actually  receives,  compared  to  that  received 
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by  the  boiler,  is  the  efficiency  of  the  boiler.    We  denote  it  by 

»:• 

It  is  eyident,  then,  that  for  vaporizing  D  kilograms  of  water 

we  must  have 

WB 
■^  =  Tiy  TIT  IT-  kilograms  of  fuel 

Cost  of  a  Borse  Power  per  Hour. — ^Let  ns  now  determine  the 
cost  of  a  horse  power  per  hour.  Let  the  price  of  the  boiler  be 
P  and  of  the  engine  Pi.  Also  the  price  of  all  the  masonry, 
chimney,  boiler,  and  engine  house,  etc.,  be  Pij*  I^^t  the  inter- 
est on  the  price  of  boiler  and  engine  be  x  per  cent  The  inter- 
est yearly  is  then 

Let  the  interest  upon  the  capital  P3  be  ^  per  cent  Then  we 
have  yearly  for  this 

100  ^^ 

Let  the  engine  work  z  hours  per  year,  and  each  hour  con- 
sume B  kilograms  of  fuel  at  a  price  of  P^  per  kilogram.  Then 
the  yearly  expenditure  for  fuel  is 

zBPj^ 

If  the  price  for  attendance  is  A  for  each  hour  for  each  horse 
power,  and  for  lubrication  per  year  is  Ai,  and  yearly  repairs  A^y 
we  have  the  yearly  expenditure 

zA  +  NuAi  +  A^ 

The  total  expenditure  per  year  is  then 

zA  +  NuAi  +  ^  +  zBP^  +  y^-P^  +  i^  (^  +  Pi), 

and  the  expenditure  per  hour  for  each  horse  power  is 

A    ^zA^  NuA,  4-  ^,  +  gPPs  -^  i^Pa  +  M  (P  +  Pi) 
A, ^^ . 
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The  expendiiure  per  hour  for  each  horse  power  is  then,  in 
general,  less, 

1.  The  greater  the  number  of  working  hours  per  year.  This 
is  evident,  as  for  many  interruptions  a  large  amount  of  fuel  is 
wasted. 

2.  The  greater  N^  or  the  larger  the  engine.  It  is  also  evi- 
dent that  two  or  more  engines  which  give  the  same  work  as 
one  are  more  costly  in  construction  and  maintenance  than  the 
single  one.  When,  indeed,  the  size  passes  a  certain  limit,  the 
difficulties  of  construction  may  be  so  great  that  two  or  more 
may  be  cheaper  than  one. 

3.  The  higher  the  temperature  of  the  feed  water.  The  heat- 
ing of  the  feed  water,  the  importance  of  which  we  have  shown 
on  page  564,  is  a  general  practice.  For  this  purpose  the 
chimney  gases  are  used,  or  the  heat  of  the  escaping  cylinder 
steam. 

4  The  greater  the  mean  efTective  pressure  j9>i  and  the  less  the 
mean  back  pressure  p^.  The  boiler  pressure  should,  there- 
fore, be  high  (6  to  8  atmospheres).  The  higher  this  pressure, 
the  less  is  the  advantage  of  condensation. 

5.  The  greater  the  velocity  of  the  engine.  But  this  has  evi- 
dently a  limit.  Badinger  has  shown  that  for  a  certain  degree 
of  fill  and  a  certain  pressure,  the  usually  received  mean  veloc- 
ity can  be  exceeded  without  danger  of  irregular  action.  The 
motive  force  at  the  beginning  of  each  stroke  must  be  so  great 
as  to  be  able  to  overcome  the  friction  of  the  piston  and  the 
inertia  of  the  moving  masses,  such  as  piston,  piston  and  con- 
necting rods.  This  governs  the  extent  of  compression  (the  ad- 
vantage of  which  has  been  referred  to)  as  also  the  amount  of 
lead. 

Hrab^k  (see  Grashof  s  ^Besultate  der  mechanischen  Warme- 
theorie)  gives  for  the  following  useful  deliveries  the  correspond- 
ing mean  velocities  : 

JV„  =  1  10  20  45  80  150 

30c  =  30  35  40  46  60  65 

Under  the  assumption  that  05  =  10,  «  =  3600,  D  =  1B  and 
Pz  =  30  cents  about,  the  coefficient  of  fill  e^  has  been  calcu- 
lated for  different  sizes  and  pressures,  when  the  quantity 
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is  a  minimunL    This  quantity  is  the  principal  yearly  cost. 
The  following  table  gives  the  degree  of  fiU  ei : 


n 

ingme  wit 

Hunt  Cone 

lensatiozi. 

Condenatng  En^es. 

JV«  = 

7 

20 

60 

1 

180 

7 

20       60        180 

i>i  =  2 



0.33 

0.30     0.26     0.23 

i>i  =  3 

0.41 

0.40 

0.39 

0.38 

0.30 

0.25     0.30     0.20 

ih  =  4 

0.33 

0.32 

0.31 

0.30 

0.25 

0.22     0.20     0.16 

1)1=  6 

0.30 

0.25 

0.23 

0.20 

0.24 

0.20     0.18     0.13 

We  see,  therefore, 

a.  That  the  coefficient  of  fill,  for  the  same  delivery  N^  and 
the  same  steam  pressure  px  is  less  for  condensing  engines  than 
for  non-condensing.  That,  however,  the  coefficient  for  both 
systems  is  more  nearly  the  same  as  the  pressure  increases. 

fc.  Both  condensing  and  non-condensing  engines  have  a  less 
coefficient  of  fill,  the  greater  the  useful  delivery  N^  and  the 
greater  the  pressure  ^. 

For  a  non-condensing  engine,  for  example,  of  7  horse  power, 
it  would  be,  under  the  assumed  conditions,  not  advanti^eous, 
for  a  pressure  of  4  atmospheres,  to  have  the  degree  of  fill  of 
the  cylinder  e^  greater  or  less  than  0.33. 

CcJxytilaJtion  of  a  Projected  Steam  Engine, — ^Let  us  now  conclude 
by  showing  how  to  proceed  in  order  to  find  the  dimensions  of 
the  more  important  parts  of  a  steam  engine  of  any  required 
useful  horse  power.  We  cannot  find  these  dimensions  directly 
from  the  preceding  formulsB,  but  we  will  shoW  how  by  their  aid 
we  can  find  approximate  values,  and  then,  from  these  values 
can  find  the  more  exact  proportions.  Let  us  take  an  example 
which  will  illustrate  the  general  method  of  procedure. 

EXAMPLE. 

Heqnired  to  baild  a  steam  engine,  working  expansively,  whose  effective  de- 
livery shall  be  60  horse  power. 

We  assume  that  water  is  abundant,  and  hence  the  engine  may  be  a  condensing 
engine.  We  also  assume  that  the  work  required  of  the  engine  is  of  such  char- 
acter that  a  coefficient  of  irregularity  of  5  =  ^  will  be  sufficient.  What  dimen- 
sions must  we  give  the  engine  ?  what  amount  of  water  and  fuel  is  required  per 
hour  ?  etc. 
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If,  instead  of  the  effective  delivery,  the  indicated  deliYeiy  had  been  given,  oar 
formuls  woold  enable  ns  to  find  with  ease  the  dimensions  of  the  varioas  parts, 
and  then  we  oonld  estimate  the  resistances  owing  to  the  motion  of  these  partB. 
The  work  corresponding  to  these  resistanoes,  deducted  tem  the  indicated  de- 
livery, woold  then  give  at  once  the  effective  delivery.  We  see  at  once  that  the 
indicated  delivery  must  be  much  greater  than  the  actoaL  We  have  called  the 
quotient  of  the  actual  by  the  indicated  delivery 


tni 


the  indicated  efficiency. 


This  efficiency  ttii  we  must  seek  to  determine  hj  experiment 
and  calculation.  It  is,  of  course,  more  for  large  engines  and 
less  for  smaller  ones.  Also  for  the  same  delivery  it  is  some- 
what less  for  expansion  engines  than  for  full  pressure,  and  for 
condensing  engines  least  of  all. 

According  to  Grashof,  we  have 

1.  For  nofiroomensing  engines  wUhovt  eocpansum^  when 
a.  N^  is  from  5  to  25  horse  power, 


J^, +  60' 


h.  N^  from  25  to  80  horse  power, 

_  i^«  +  75 

"^  -  NTTm' 


2.  For  non-condensing  engines  with  expa/naUm. 
a.  Nu  from  10  to  40  horse  power, 


wi<  =  -Ti 


Nu-h  32 


&  Nu  from  40  to  100  horse  power. 


^        ^-  +  72 


JV.+100* 
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3.  For  condensing  and  expansion  engines, 
a.  Nu  from  15  to  46  horse  power, 

JV„  +  26 
"^^   .V.  +  60- 

(&)  Nu  from  46  to  180  horse  power, 

"^=^.  +  130- 

From  these  formnlse  the  following  table  is  o&lculated,  which 
contains  yalues  rather  too  small  than  too  lai^e : 

N„=    5  10  15         20  26         30  40 

1'   0.727     0.750     0.769     0.786     0.800     0.808     0.821 

2  ....      0.700     0.723     0.743     0.760     0.776     0.800 

3      0.631     0.667     0.680     0.700     0.733 

N^   =    50         60         80       100        120       150        180 
1     0.833     0.844     0.861       .... 


•  •  •  • 


2  0.813     0.825     0.844     0.860      

3  0.756     0.768     0.790     0.809     0.824     0.843     0.858 

Since  our  engine  is  a  condensing  engine  with  expansion,  w€ 
have  from  the  table  nii  =  0.768. 


Hence 


N       60 
0.768  =  ^;^  =  ^,  or 


Ni  =  ^pt^k-  =  78  horse  power. 

Let  the  mean  steam  pressure  of  the  driving  steam  be  j?^  =  4 
atmospheres,  and  the  coefficient  of  fill  be  ei  =  0.2,  as  given  from 
the  table,  page  605.  Further,  from  page  604  let  the  velocity  be 
given  by 

30c  =  47,    or    c  =  1.567  meters. 
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Then  from  page  686 

,^      10334      ^ 

From  the  table,  page  685,  we  hare  for  pi,  for  Ci  =  0.20,  and 
Pi  =  4:  atmospheres. 

Pi  =  1.881. 
Hence 

Fr  -  J^^  -       75x78       _  ^ofti 
^  1033^  ■"  "10334  X  1.881  ""     ^  ' 

and  since  c  =  1.567  meters,  we  have  for  the  cross-section  F  of 
the  cylinder,  not  including  that  of  the  rod, 

F  =  ^tT/^rr  =  0.192  sq.  meters. 
i.oO « 

Since  the  Telocity  of  the  piston  (c)  is  1.567  meters,  we  mnst 
give  to  the  steam  passages,  according  to  page  682,  a  cross-sec- 
tion of  about  V^th  of  the  cylinder  cross-section.  We  may  make 
them  4  to  5  times  as  long  as  broad. 

If  we  make  the  diameter  of  the  piston  rod'-^th  of  that  of  the 
piston,  we  have  for  d 

hence 

d  =  0.498  =  diameter  of  the  cylinder, 
and 

0.0498  meters  =  4.98  cm.  =  diameter  of  piston  rod. 

The  stroke  8  of  the  piston  is  best  given  by 


'^■^2.8-d, 


hence 

8 


olg-g  =  2.8  -  0.498  =  2.302, 


or 

8  =  1.146  meters. 
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We  can  now  find  the  weight  8r  of  the  fly  wheel  rinu    Sup- 
pose we  make  the  connecting  rod  6  times  as  long  as  the  crank, 

T 

then  ?-  =  ii  and  from  page  593, 


8r  =  2.273  (^y^^^- 


If  we  make  R  four  times  r,  in  which  case  the  mean  diameter 
R  of  the  fly  wheel  rim  will  be  4  x  1.146  =  4584  meters,  we 
have,  since  i^  =  75  x  78  =  5850  meter-kilograms,  and  <y  =  ^. 

Sr  =  2,273  X  ^ly  X ^ kilograms. 

For  V  we  have 

nc      3.1416  X  1.567      «  .^^       x 
v  =  ^  = ^ =  2.462  meters. 

Hence 

8r  =  4390  kilograms. 

Since  onr  engine  works  expansively,  and  the  coefficient  of  fill 
is  0.20  =  ^,  the  above  weight  must  be  multiplied  by  a  coefficient 
given  by  the  equation,  page  692, 

077  +  0.23  X  5  -  0.017  x  25  =  1.495. 

Hence  the  weight  of  the  fly-wheel  rim  is 

8r  =  4390  X  1.495  =  6563  kilograms. 

If  we  make  the  arms  -^^^s  of  the  weight  of  the  rim,  they  will 
weigh  ^^  X  6563  =  1968.9,  or  in  round  numbers, 

weight  of  fly  wheel  =  1970  kilograms. 

The  dimensions  of  the  rim  and  arms  can  be  easily  found  from 
the  formulsB  of  page  594. 
We  can  now  determine  the  diameter  of  the  fly  wheel  journal 
39 
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If  we  denote  it  by  cZi,  we  have,  according  to  Morin, 


*=<«ff 


centimeters, 


where  u  is  the  number  of,  revolutions  per  minute. 
For  u^  we  have  from  page  194, 


hence 


30c      30  X  1.567       .1  ^ 
«=■-= -j-j^- =  41.02, 


If  we  make  the  diameter  of  the  shaft  26.8  centimeters,  and 
make  it  3  meters  long,  since  the  weight  of  1  cubic  meter  of  cast 
iron  is  7400  kilograms,  the  weight  of  the  shaft  is 

3.1416  X  (0.268)^         o         nAi^        IOCATI 

27 X  3  X  7400  =  1250  kilograms. 

The  total  weight  of  fly  wheel  and  shaft  is  then 

8=8u,  +  1.3Sr  =  1250  +  6563  +  1970  =  9783  kiL 

The  mean  effectire  pressure  p,  required  for  Overcoming  the 
friction  of  the  fly  wheel  shaft  is,  from  page  596, 

».  =  0.00002^^. 
,  In  the  present  case 

f  =  "-"^  ^r^m  =  »•"«• 

For  the  mean  pressure  (effective)  pt  required  to  overcome  the 
friction  of  the  piston,  piston  rod,  etc,  and  to  work  the  feed 
pump,  we  have  (page  596) 

0.0227       0.0227      ^^.^ 
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Hence  the  mean  effective  pressure  p^  of  the  engine  running 
loose,  is,  when  wynrocmdensing^ 

p^  =  0.170  +  0.046  =  0.216. 

For  a  condensing  engine  we  must  add  a  term  which  includes 
the  working  of  the  cold  water  and  air  pumps  (page  597).  Since, 
however,  the  steam  weight  D  used  bj  the  engine  per  hour  oc- 
curs in  this  term,  we  must  first  find  D. 

From  page  600,  we  have  for  D 

'  D  =  120F8U  [{e  +  ei)yi^  cyj  +  ISOdVpT, 

where  yi  is  the  weight  of  1  cubic  meter  of  steam  at  the  pressure 
of  4  atmospheres,  which  from  Table  LL  is  2.23  kilograms,  y^  = 
0.264,  e  =  0.07  (page  576),  e,  =  0.20,  «  =  1.146  and  m  =  41.02. 
Hence 

Z?  =  120  X  0.192  X  1.146  x  41.02  [(0.07  +  0.20)  2.23  -  0.07  x 
0.264]  +  460  X  0.498  VL881  =  632.47.  +  307.35  =  939.82  kilgrs. 

Hence  (page  599), 

■p »  =  (o-^^/i  +  0.045)  j^~o:i^nw^^m)2  • 

If  we  take  A  =  2  meters,  we  have 

p^  =  (0.006 .+  0.045)  -^Qgg^  =  0.051  x  0.868  =  0.044. 

Hence  . 

p^  =  0.216  +  0.044  =  0.260. 

From  page  600  we  have  the  effective  pressure  which  gives 
the  useful  work 

p  =  az^  =  1:881^0^  =  1.435. 
^''         1.13  1.13 

Hence  N^  (page  600)  is 

^^  ^  10334  X  0.192^x  1.567  x  1.435  ^  59  ^^  j^^^  ^^^^ 
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The  result  coincides  then  so  exactly  with  the  required  power 
of  60  horse  power  that  another  and  closer  computation  is  not 
necessary.     This  is  principally  not  only  because  we  have  taken 

T  T 

J  =  J,  but  also  have  made  -h^  =  i-    It  for  example,  we  had 

taken  -^  =  h  ^^^  %  ^^^^1  would  have  been  much  lighter,  and 

hence  the  work  required  for  its  motion  less.    We  should  then 

have  found  for  N„  a  greater  value  than  60  horse  power.    In 

such  case  the  area  of  the  piston  would  have  to  be  reduced 

somewhat  in  order  to  obtain  the  desired  result. 

Let  us  determine  now  the  dimensions  of  the  condenser  and 

pumps. 

Fs      Fs 
From  page  601,  the  volume  of  the  condenser  is  (7  =  -j-  to  -s- 

Let  us  take  then  G  =  ^-^^  then 

o.o 


^      0.192  X  1.146     n  /ujQ     u-        i. 
G  = ^-^ =  0.063  cubic  meters. 

Let  the  cold  water  pump  be  single  acting.    The  volume  V^ 
of  the  same  is,  from  page  602, 


S^OOOtf 
or  taking  n  =  20, 

^1  =  wTfinii TTrto  =  0.0086  cabic  meters. 

54000  X  41.02 


If  we  make  the  stroke  of  the  pump  one  half  that  of  the  ojI< 
inder,  we  have  for  the  cross-section  J\, 


i*.  I  =  0.0085, 


Fi  X  0.673  =  0.0086, 
or 

P,  =  0.014a 
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Hence  we  haye  the  diameter  dt% 

^  =  0.0148, 

or 

d^  =  0.138  meters  =  13.8  centimeters. 

If  we  denote  the  volume  described  by  the  piston  of  the  air 
pump  per  stroke  by  Vf,  we  can,  in  general,  take 

5=4  to  46. 
Taking  the  first  value, 

r,  =  0.0085  X  4  =  0.0340  cubic  meters. 

As  soon  as  we  fix  upon  the  stroke,  we  can  find  the  diameter. 

The  volume  described  by  the  piston  of  the  feed  pump  per 
stroke,. can  also  be  easily  calculated.  The  feed  water  per  hour 
is  JO  =  939.82  kilograms  =  0.9398  cubic  meters.  If  i^th  of  the 
water  falls  back,  we  have  per  hour  the  water  volume  0.9398  + 
0.09398  =  1.0337,  and  per  minute,  0.0172  cubic  meters.  In 
order  to  feed  the  boiler  rapidly,  the  pump  must  furnish  in  this 
time,  3  to  6  times  this  volume.  If  we  say  4  times,  we  have  the 
quantity  per  minute  0.0688  cubic  meters.  If  the  pump  is 
single  acting,  it  makes,  in  41.02  revolutions  of  the  engine,  41.02 
strokes,  or  feeds  the  boiler  41.02  times  per  minute.  Hence  the 
volume  which  the  piston  of  the  feed  pump  must  describe  per 
stroke  is,  since  for  each  time  it  feeds  the  boiler  it  rises  and 
falls 

,?  ^y ^  ,  =  0.00334  cubic  meters. 
41.02  X  ^ 

If  now  (page  604) 

2)  =  7jB,    or    5=|2>, 

we  have  for  the  weight  of  fuel  per  hour 

B  =  -^—  =  13426  kilograms 
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» 

It  is  tlms  afisamed  thai  the  heating  value  of  the  fuel  is  toler- 
ably great,  and  therefore  that  good  hard  coal  is  used. 

We  can  now  recapitulate  the  dimensions  of  onr  engine  as 
calculated,  or  given. 

1.  Diameter  of  cylinder  (<2) 0.498  metera 

2.  Length  of  stroke  (») 1.146 

3.  Cross-section  of  steam  passages 0.0101  sq.  m. 

4  Mean  velocity  of  piston  (c) 1.567  meters. 

5.  Coefficient  of  fill  (ei) 0.20 

6.  Bevolutions  per  minute  {v) 41.02 

7.  Diameter  of  the  piston  rod 498  centim. 

8.  Ratio  of  length  of  crank  to  connecting 

'"^-R  :5 

9.  Length  of  crank  (r)  =  ^ 0.573  meters. 

10.  Weight  of  fly  wheelrim 6663  kilogrs. 

11.  Weight  of  fly  wheel  arms 1970 

12.  Weight  of  fly  wheel  shaft 1260 

13.  Diameter  of  journals 24.8  centim. 

14  Diameter  of  shaft 26.8 

16.  Steam  consumption  per  hour  939.82  kilogrs. 

16.  Condensing  water  per  hour  20  x  939.82     . .  1879.64     « 

17.  Consumption  of  coal  per  hour.  .13426  kiL=  18.7964  cub.  m. 
la  Volume  of  condenser  ((7) 0.063 

19.  Volume   described  by  piston  of   cold 

water  pump  per  stroke.   0.0085 

20.  Volume  described  by  the  piston  of  the 

air  pump  per  stroke 0.0340^ 

21.  Volume  described  by  the  piston  of  the 

feed  pump  per  stroke 0.00334     " 


(( 


it 


u 


EXAMPLES  FOR  PRACTICE. 


1.  What  is  the  preflsure  of  saturated  steam  whose  temperature  is  S0°  Fah.  ? 
What  is  the  temperature  for  a  pressure  of  10  atmospheres  ?  What  is  the  pressure 
for  140' C? 

2.  What  is  the  mean  specific  heat  of  water  between  10"  and  25'  C.  ?  Between 
26"  and  70'  Pah.  ?  How  much  heat  is  required  to  raise  10  lbs.  of  water  from  60' 
to  80  Fah.  ?  How  much  to  raise  2  kiiograms  fi-om  80"  to  70'  C.  ?  What  is  the 
specific  heat  of  water  at  212'  Fah.  7    At  140'  C.  ? 

8.  How  much  heat  is  required  to  convert  2  lbs.  of  water  at  80"  Fah.  into 
saturated  steam  at  300''  Fah.  ?  How  much  to  convert  1  kilogram  of  water  at  10^ 
C.  into  saturated  steam  of  120"  G.  ? 

4.  How  much  heat  is  required  to  yaporize'  1  lb.  of  water  at  800"  Fah.  into 
steam  of  tlie  same  temperature  ?  What  is  the  pressure  ?  What  is  the  outer 
work? 

5.  What  is  the  volume  of  a  (quantity  of  steam  and  water  at  212"  Fah.  whose 
weight  is  1  lb.',  and  which  consists  of  0.2  lb.  of  steam  and  0.8  lb.  of  water  ? 

6.  One  pound  of  steam  and  water  has  a  temperature  of  250"  Fah.,  of  which  2 
cubic  feet  are  steam.  '  How  much  does  the  steam  weigh  ?  How  much  does  the 
water  weigh  ? 

7.  What  is  the  specific  volume  of  steam  at  80'  C.  ?    At  240"  Fah.  ? 

8.  What  is  the  outer  work  performed  in  converting  2  lbs.  of  water,  at  250" 
Fah.  into  steam,  under  a  constant  pressure  equal  to  the  steam  tension  ?  What 
is  the  steam  tension  ?    What  is  the  steam  volume  ? 

9.  What  is  the  density  of  steam  at  4  atmospheres'  pressure  ?  What  is  its  tem- 
perature ?  If  the  volume  is  8  cubic  feet,  what  volume  and  weight  of  water  were 
necessary  to  form  it  ? 

10.  How  many  heat  units  must  be  imparted  to  1  lb.  of  saturated  steam,  in 
order  to  keep  it  all  saturated  while  it  expands,  performinff  work,  till  the  tempera- 
ture sinks  1^  Fah.  ?  If  the  initial  temperature  is  222"  Fah.,  what  is  the  initial 
volume  ?  What  is  the  final  volume  7  The  Initial  pressure  7  The  final  pressure  7 
The  outer  work  done  7 

11.  How  many  heat  units  must  be  imparted,  as  before,  to  1  lb.  of  saturated 
steam  when  it  expands,  performing  work,  from  5  atmospheres  down  to  1  atmos- 
phere 7  What  are  the  initial  and  £ial  volumes  7  Initial  and  final  temperatures  ? 
Work  done  during  expansion  7 

12.  A  full-pressure  non-condensing  engine  has  a  stroke  of  3  feet,  cross-sec- 
tion of  piston,  1.5  sc|.  feet.  The  steam  pressure  is  5  atmospheres,  and  it  makes 
25  reyolutions  per  minute.  What  is  the  theoretical  work  per  second,  and  how 
much  heat  is  required  7 
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13.  If  a  oondeiisiiig  engine  forces  8  cnbic  feet  of  steam  at  a  pnaBure  of  iViih 
of  an  atmosphere  into  the  condenser,  what  woric  is  necessary,  ana  how  much  hiaat 
is  taken  from  the  steam  ? 

14.  What  work  is  performed  by  the  adiahatic  expansion  of  1  lb.  of  saturated 
steam  from  4  atmospheres  to  1  atmosphere  ?    How  much  steam  is  condensed  7 

15.  What  would  the  work  be  if,  to  start  with,  we  had  only  water  and  no  steam? 
How  much  steam  w<Nild  be  formed  ? 

16.  If  1  lb.  of  a  mixture  of  0.8  lb.  steam  and  0.2  lb.  water,  expands  adisbatl- 
cally  from  8  atmo^heres  down  to  1  atmo^here,  what  is  the  work  performed  ? 
What  is  the  initial  volume  ?  Final  volume  ?  Heat  disappearing  ?  How  much 
steam  is  ccmdensed  ? 

17.  If  a  mixture  of  10  lbs.  is  composed  of  0.8  steam  and  0.2  water,  and  has  a 
piessnre  of  1.5  atmospheres,  what  will  be  the  amount  of  steam  and  water  when 
uie  mixture  is  cooled,  under  constant  volume,  until  the  pressare  is  ^i}i  of  an  at- 
mosphere ?    What  amount  of  heat  must  be  abstracted  ? 

18.  A  boiler  has  170  so.  feet  of  heating  surfkce,  and  contains  800  cubic  feet» 
of  which  0.6  are  water  ana  the  rest  steam.  In  ordinary  use,  the  boiler  generates 
per  hour  5  lbs.  of  steam  for  every  sq.  foot  of  heating  surface,  of  5  atmoopheies^ 
tension.  In  how  many  minutes  wUl  the  pressure  rise  to  10  atmoepheres,  the  tem- 
perature of  the  feed  ¥rater  being  60'  Fah.  ? 

10.  If  a  vessel  containing  O  lbs.  of  pure  saturated  steam,  at  1.5  atmosphearesL 
communicates  with  another  containing  856^  lbs.  of  a  mixture  of  water  and 
steam,  at  Ath  atmosphere,  of  which  0.&  of  a  pound  are  steam,  what  is  tiie  con- 
dition of  tne  mixture  after  the  cock  is  opened  ? 

20.  Given  10,000  lbs.  of  feed  water  at  190^  Fah.  evaporated  at  70  lbs.  steam 

Suge  pressure,  and  the  steam  containing  2.75  per  cent  of  moisture.    Find  the 
at  units  required  for  evaporation.    Aim  suppose  1200  lbs.  of  coal  were  con- 
sumed, find  the  efficiency  of  the  boiler.    Efficiency  =  ==: 75 — i— vP- r^ — ; 

'  ^      Theoretical  Evaporatioa 

also,  find  the  equivalent  evaporation  at  and  from  212**  FaL 

21.  Suppose  a  calorimeter  used  for  determining  the  moisture  of  steam,  which 
not  only  condenses  but  retains  the  steam  and  spray  admitt^ 

Further,  let 

W—  Wy  +  C  TTf  =  the  sum  of  the  origuud  weight  of  condens- 
ing water,  and  the  product  of  the  specific  heat  of  the  terong  vessel  by  its  weight. 
v>  =  weight  of  mixture  of  steam  and  spray. 
X  z=  welgnt  of  steam  in  the  mixture, 
to  —  a;  =  weight  of  spray  in  the  mixture. 
r  =  total  latent  heat  of  steam. 

?t  =:  steam  gauge  pressure  (  =  excess  above  atmosphere). 
)  =  g,  —  2  =(it  —  f*  nearly)  =  difference  between  the  heat  of  liquid  at 
temperature  d  the  steam  and  at  mial  temperature  of  water  in  condensing  vessel 
tf  =  g  —  gi  =  (r  —  ^1°  nearljr)  =  difference  between  heat  of  liquid  at  final 
temperature  of  the  water,  and  at  initial  temperature  of  condensing  water.  Prove 
that  if  no  external  work  is  done  while  the  steam  is  condensing,  t£e  percentage  of 
moisture  is 

io  tor 

By  experiment,  we  find  TTj  =  5.796  lbs.,  IT,  =  8.858  lbs.,  C  =  0.11, 19  = 
0.25  lbs.,  p,  -  86}  lbs.,  <,  =  65.5^  Fah.,  i  =  108.8'  Fah.,  what  is  the  per- 
centage of  moisture  in  the  steam  ? 

22.  In  a  surface  condenser  the  water  enters  with  a  temperature  of  60'  Fah., 
and  departs  at  80""  Fah.  The  mean  temperature  of  the  condenser  is  115*  Fah. 
How  much  more  condensing  water  than  stetun,  by  weighty  must  be  used  ? 
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98.  An  engine  usins  steam  of  5  atmospheres  has  a  jet  condenser  in  which  the 
aTerage  pressore  is  0.1  atmosphere.  The  cooling  water  has  a  temperatoze  of 
W  Fah.    How  much  more  water  than  steam  must  be  used  ? 

2i.  A  boiler  contains  steam  at  a  pressure  of  5  atmospheres.  When  the  safety 
yalve  is  opened,  what  is  the  velocity  of  efflux,  disregarding  friction,  and  sup- 
posing the  steam  to  be  dry  ?    How  much  steam  is  condensed  during  efflux  ? 

25.  What  diameter  should  the  safety  valve  of  a  steam  boiler  have,  which 
generates  per  hour  500  lbs.  of  steam  at  5  atmospheres,  for  20-fold  security  ? 

26.  Hot  water  is  allowed  to  flow  from  the  test  cock  of  a  boiler  under  the  press- 
ure of  5  atmospheres.  What  is  the  specific  steam  weight  at  the  orifice  7  With 
what  velocity  does  the  mixture  issue  r  What  is  the  dischaige  per  second  ?  How 
much  steam  and  water  are  contained  in  the  mixture  ? 

27.  The  steam  pressure  in  a  boiler  is  5  atmospheres,  the  height  of  suction  8 
feet.  The  condensing  chamber  is  at  the  water  level.  The  engine  uses  20  lbs. 
of  steam  per  minute.  What  should  be  the  area  of  the  moutiipiece  of  a  Giffajd 
injector  ?  What  of  the  suction  pipe  and  the  feed  pipe  when  tne  feed  water  has 
a  temperature  of  60**  Fah.,  and  the  mixture  of  water  and  steam  120°  Fah.  ? 

28.  If  one  pound  of  dry  saturated  steam  at  8  atmospheres  expands  in  vacuo 
down  to  1  atmosphere,  wliat  is  the  temperature  ?  How  many  degrees  must  satu- 
rated steam  of  one  atmosphere  be  heated  under  constant  pressure,  in  order  that 
for  the  same  temperature  it  may  have  the  same  volume  ? 

20.  An  engine  works  with  superheated  steam  of  5  atmospheres  and  tempera- 
ture 380*"  Fah.  What  is  the  expansion  ratio  when  the  steam  at  the  end  of  expan- 
sion is  just  in  the  saturated  condition  ? 

80.  A  vessel  contains  one  pound  of  pure  saturated  steam  at  5  atmospheres. 
Let  the  steam  in  this  vessel  expand  into  another  in  which  is  a  vacuum,  whose 
volume  is  4  times  as  larfi;e.  What  is  the  final  pressure  and  temperature  ?  And 
is  the  steam  superheated  r 

81.  If  saturated  steam  of  6  atmospheres  expands  under  constant  temperature 
down  to  1  atmosphere,  what  is  the  heat  imparted  ?    The  outer  work  done  ? 

82.  Suppose  we  have  10  lbs.  of  saturated  steam  of  5  atmospheres.  What  is 
the  heat  required  to  generate  it  ?  How  much  heat  is  required  to  generate  the 
same  volume  of  superheated  steam  of  the  same  pressure  ? 

88.  In  a  hot-air  engine  the  heat  furnished  per  hour  to  the  air  is  6200  heat 
units,  while  in  the  same  time  10  lbs.  of  coal  are  consumed,  whose  heating  value  is 
700  heat  units.    What  is  the  efflciency  of  the  furnace  ? 

84  The  boiler  of  an  expansion  engine,  which  furnishes  steam  of  5  atmoroheres, 
vaporizes  per  hour,  for  every  horse  power,  60  lbs.  of  water,  and  requires  for  this 
10  lbs.  of  coal,  whose  heating  power  is  700  heat  units.  What  is  the  boiler 
efflciency  ? 

85.  What  would  be  the  delivery  of  a  perfect  steam  engine  using  per  hour  200 
lbs.  of  steam  of  10  atmospheres  ? 
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TABLE  I. 

EXPAN8ITK    FOBCK    OF  STBAM  FOR  TEKPEBATURES  FROM— 82^    UP    TO   +  230"*   C. 

AOOORDINa  TO  REONAULT. 


• 

TBirnoH 

OF  BTBAM. 

3 

TSH8ION 

OF  STIAX. 

1 
1 

- 

♦• 

In  Centimeters. 

In  Atmospheres. 

S 

In  Centimeters. 

In  Atmospheres. 

-83" 

0.0320 

0.0004 

1 
+  14' 

1.1908 

0.016 

81 

0.0852 

0.0005 

15 

1.2699 

0.017 

80 

0.0886 

0.0005 

16 

1.3536 

0.018 

29 

0.0424 

0.0006 

17 

1.4421 

0.019 

28 

0.0464 

0.0006 

18 

1.5357 

0.020 

27 

0.0508 

0.0007 

19 

1.6846 

0.022 

26 

0.0555 

0.0007 

20 

1.7391 

0.028 

25 

0.0605 

0.0008 

21 

1.8495 

0.024 

24 

0.0660 

0.0009 

22 

1.9659 

0.026 

23 

0.0719 

0.0009 

28 

2.0888 

0.028 

22 

0.0783 

0.0010 

24 

2.2184 

0.029 

21 

0.0858 

0.0011 

25 

2.8550 

0.031 

20 

0.0927 

0,0012 

26 

2.4988 

0.038 

19 

0.1008 

0.0013 

27 

2.5505 

0.034 

18 

0.1095 

0.0014 

28 

2.8101 

0.037 

17 

0.1189 

0.0015 

29 

2.9782 

0.039 

16 

0.1290 

0.0017 

80 

8.1548 

0.042 

15 

0.1400 

0.0018 

31 

3.3406 

0.044 

14 

0.1518 

0.0020 

82 

3.5359 

0.047 

18 

0.1646 

0.0022 

88 

8.7411 

0.049 

12 

0.1788 

0.0024 

84 

3.9565 

0.052 

11 

0.1988 

0.0025 

35 

4.1827 

0.055 

10 

0.2098 

0.0027 

86 

4.4201 

0.058 

9 

0.2267 

0.0080 

37 

4.6691 

0.061 

8 

0.2455 

0.0032 

38 

4.9302 

0.065 

7 

0.2658 

0.0085 

39 

5.2089 

0.068 

6 

0.2876 

0.0088 

40 

5.4906 

0.072 

5 

0.8113 

0.0041 

41 

5.7910 

0.076 

4 

0.3868 

0.0044 

42 

6.1055 

0.080 

8 

0.8644 

0.0048 

48 

6.4846 

0.085 

2 

0.8941 

0.0052 

44 

6.7790 

0.089 

1 

0.4268 

0.0056 

45 

7.1391 

0.094 

0 

0.4600 

0.0061 

46 

7.5158 

0.099 

+  1 

0.4940 

0.0065 

47 

7.9093 

0.104 

2 

0.5802 

0.0070 

48 

8.3204 

0.109 

8 

0.5687 

0.0075 

49 

8.7499 

0.115 

4 

0.6097 

0.0080 

50 

9.1982 

0.121 

5 

0.6534 

0.0086 

51 

9.6661 

0.127 

6 

0.6998 

0.0092 

52 

10.1543 

0.134 

7 

0.7492 

0.0099 

53 

10.6636 

0.140 

8 

0.8017 

0.0107 

54  . 

11.1945 

0.147  . 

9 

0.8574 

0.011 

55 

11.7478 

0.155 

10 

0.9165 

0.012 

56 

12.8244 

0.163 

11 

0.9792 

0.013 

57 

12.9251 

0.170 

12 

1.0457 

0.014 

58 

13.5505 

0.178 

18 

1.1162 

0.015 

59 

14.2015 

0.187 

620 
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1 

eimture. 

TSmiOH  OP  8TBAX. 

■ 

t 

TDIBIOH  OF  STBAV. 

Oi 

In  Centlmeten. 

In  Atmoephcres. 

In  Centimeters. 

* 

In  AtmoqdierBS. 

-^W 

14.8791 

0.196 

118 

118.861 

1.564 

61 

15.6889 

0.206 

114 

122.847 

1.616 

02 

16.8170 

0.216 

115 

126.941 

1.670 

68 

17.0791 

0.226 

116 

181.147 

1.726 

64 

17.8714 

0.286 

117 

186.466 

1.782 

65 

18.6945 

0.246 

118 

189.902 

1.841 

66 

19.6496 

0.257 

119 

144.465 

1.901 

67 

20.4876 

0.267 

120 

149.128 

1.962 

68 

21.8596 

0.281 

121 

158.925 

2.025 

69 

22.8165 

0.294 

132 

158.847 

2.091 

70 

28.8098 

*  0.806 

128 

168.896 

2.157 

71 

24.8898 

0.820 

124 

169.076 

2.225 

73 

25.4073 

0.884 

126 

174.888 

2.296 

78 

26.5147 

0.849 

126 

179.885 

3.866 

74 

27.6624 

0.864 

127 

186.420 

3.480 

76 

28.8617 

0.880 

128 

191.147 

3.515 

76 

80.0888 

0.896 

129 

197.016 

3.593 

77 

81.8600 

0.414 

180 

208.028 

3.671 

78 

82.6811 

0.480 

181 

209.194 

3.768 

79 

84.0488 

0.448 

182 

216.508 

3.886 

80 

85.4648 

0.466 

188 

321.969 

3.921 

81 

86.9287 

0.486 

184 

228.692 

8.008 

83 

88.4485 

0.506 

185 

285.873 

3.097 

88 

40.0101 

0.526 

186 

242.816 

8.188 

84 

41.6298 

0.648 

187 

249.428 

8.382 

86 

48.8041 

0.570 

188 

256.700 

8.878 

86 

45.0844 

0.598 

139 

364.144 

8.476 

87 

46.8221 

0.616 

140 

371.768 

8.576 

88 

48.6687 

0.640 

141 

379.657 

8.678 

89 

60.5759 

0.665 

142 

287.580 

8.788 

90 

62.5450 

0.691 

148 

295.686 

8.890 

91 

64.5778 

0.719 

144 

804.026 

4.000 

92 

56.6757 

0.746 

146 

812.555 

4.118 

93 

58.8406 

0.774 

146 

821.274 

4.227 

94 

61.0740 

0.804 

147 

880.187 

4.844 

96 

68.8778 

0.884 

148 

889.298 

4.464 

96 

66.7585 

0.865 

149 

848.609 

4.587 

97 

68.2029 

0.897 

150 

858.128 

4.713 

98 

70.7280 

0.981 

151 

867.843 

4.840 

99 

78.8805 

0.966 

162 

877.774 

4.971 

100 

76.000 

1.000 

158 

887.918 

6.104 

101 

78.7590 

1.086 

154 

898.277 

5.240 

102 

81.6010 

1.074 

155 

408.866 

5.880 

108 

84.6280 

1.112 

156 

419.659 

5.522 

104 

87.5410 

1.152 

157 

480.688 

6.667 

106 

90.6410 

1.198 

158 

441.946 

6.816 

106 

98.8810 

1.285 

159 

458.486 

6.966 

107. 

97.1140 

1.278 

160 

465.162 

6.120 

108 

100.4910 

1.822 

161 

477.128 

6.278 

109 

103.965 

1.868 

162 

489.836 

6.439 

110 

107.587 

1.415 

163 

501.791 

6.608 

111 

111.209 

1.468 

164 

614.497 

6.770 

112 

114.988 

1.518 

165 

627.454 

6.940 
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1 

TBNSXOH  < 

yr  STKAM. 

• 

e 

1 

TBH8X0N  < 

DP  STEAM. 

In  Centimetcn. 

In  Atmospheres. 

In  Centimeten. 

In  Atmoepberes. 

+  166'' 

540.669 

7.114 

199 

1144.746 

15.062 

167 

554.143 

7.291 

200 

1168.896 

15.880 

168 

567.882 

7.472 

201 

1198.487 

15.708 

169 

581.890 

7.656 

202 

1218.869 

16.081 

170 

596.166 

7.844 

208 

1248.700 

16.864 

171 

610.719 

-  8.086 

204 

1269.480 

16.708 

172 

625.548 

8.281 

205 

1295.566 

17.047 

178 

640.660 

8.480 

206 

1822.112 

17.896 

174 

656.056 

8.682 

207 

1849.075 

17.751 

175 

671.743 

8.889 

208 

1376.458 

18.111 

176 

687.722 

9.049 

209 

1404.252 

18.477 

177 

708.997 

9.268 

210 

1482.480 

18.848 

178 

720.572 

9.481 

211 

1461.182 

19.226 

179 

787.452 

9.708 

212 

1490.222 

19.608 

180 

754.689 

9.929 

218 

1519.748 

19.997 

181 

772.187 

10.150 

214 

1549.717 

20.891 

182 

789.952 

10.894 

215 

1580.188 

20.791 

188 

808.084 

10.688 

216 

1610.994 

21.197 

184 

826.540 

10.876 

217 

1642.815 

21.690 

186 

845.828 

11.128 

218 

1674.090 

22.027 

186 

864.485 

11.874 

219 

1706.829 

22.452 

187 

888.882 

11.680 

220 

1739.086 

22.882 

188 

908.668 

11.885 

221 

1772.218 

28.319 

189 

928.796 

12.155 

222 

1805.864 

28.761 

190 

944.270 

12.425 

228 

1839.994 

24.210 

191 

965.098 

12.699 

224 

1874.607 

24.666 

192 

986.271 

12.977 

225 

1909.704 

25.128 

198 

1007.804 

18.261 

226 

1945.292 

25.596 

194 

1029.701 

13.549 

227 

1981.876 

26.071 

195 

1051.968 

18.842 

228 

2017.961 

26.552 

196 

1074.595 

14.189 

229 

2065.048 

27.040 

197 

1097.500 

14.441 

280 

2092.640 

27.585 

198 

1120.982 

14.749 

622 


THERMOD  TNAMIC8. 


TABLE  II. 


PRINCIPAL  TABLE  FOR   SATURATED  8TEAV. 


1 

2 

8 

4 

5 

6 
Inner  latent 

Steam  pressnro. 

Temperature 

heat. 

C. 

Heat  of  Ilqnld 

p 

AtmosphereB. 

InmllllmeterB 
«r  barometer. 

Kilograms  per 
sq.  meter. 

P 

t 

(page  376) 

(Regnaolt.) 

(page  876) 
(Regnaolt) 

0.1 

76 

1083.4 

46.21 

46.282 

688.8^3 

0.2 

152 

2066.8 

60.46 

60.589 

527.584 

0.3 

228 

8100.2 

69.49 

69.687 

520.483 

0.4 

804 

4183.6 

76.25 

76.409 

515.08G 

0.6 

880 

6167.0 

81.71 

82.017 

510.767 

0.6 

456 

6200.4 

86.82 

86.662     i 

507.121 

0.7 

532 

7233.8 

90.82 

90.704 

503.957 

0.8 

608 

8267.2 

08.88 

94.804 

501.141 

0.0 

684 

9300.6 

97.08 

97.543 

498.610 

1.0 

760 

10334.0 

100.00 

100.500 

496.300 

1.1 

836 

11367.4 

102.68 

103.216 

494.180 

1.2 

012 

12400.8 

105.17 

105.740 

402.210 

1.3 

988 

13434.2 

107.50 

108.104 

490.367 

1.4 

1084 

14467.6 

1C9.68 

110.316 

488.643 

1.5 

1140 

15501.0 

111.74 

112.408 

487.014 

1.6 

1216 

16534.4 

113.69 

114.389 

485.471 

1.7 

1292 

17567.8 

115.54 

116.269 

484.009 

1.8 

1868 

18601.2 

117.80 

118.a59 

482.616 

1.0 

1444 

10634.6 

118.90 

119.779 

481.279 

2.0 

1520 

20668.0 

120.60 

121.417 

480.005 

2.1 

1596 

21701.4 

122.15 

122.995 

47a779 

2.2 

1672 

22734.8 

123.64 

124.518 

477.601 

2.3 

1748 

23768.2 

125.07 

125.970 

476.470 

2.4 

1824 

24801.6 

126.46 

127.886 

475.870 

2.5 

1900 

25835.0 

127.80 

128.758 

474.810 

2.6 

1970 

26868.4 

129.10 

130.079 

473.282 

2.7 

2052 

27901.8 

180.35 

131.854 

472.293 

2.8 

2128 

28935.2 

131.57 

132.599 

471.828 

2.9 

2204 

29968.6 

132.70 

133.814 

470.887 

8.0 

2280 

81002.0 

188.91 

134.089 

469.477 

8.1 

2856 

82035.4 

185.03 

136.133 

468.591 

8.2 

2432 

83068.8 

130.12 

137.247 

467.729 

8.3 

2503 

.   34102.2 

137.19 

138.841 

466.883 

8.4 

2381 

83183.6 

138.23 

139.404 

466.060 
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TABLE  II.— «on/t;iMC£/. 


PRTNCIPAL  TABLE  FOR  SATURATED  STEAM. 


9m 

< 

8 

9 

10 

• 

11 

12 

Outer  latent 

Valne«  of 

beat 

Apv, 

page  80ft. 

Cnb.  metres  per 

kil.. 

page  881. 

u 
page  888. 

Differeoce. 

y 

Kil.  per  cab. 

meter . 

page  888. 

Difference. 

85.464 

14.5506 

87.08 

0.0687 

86.764 

7.5421 

60.05 

82.02 

0.1326 

0.0630 

87.574 

5.1388 

101.27 

81.32 

0.1045 

610 

88.171 

8.0154 

131.55  > 

30.28 

0.2553 

608 

88.687 

8.1705 

161.10 

20.55 

0.3158 

600 

80.045 

2.6700 

180.03 

28.83 

0.3744 

501 

80.887 

2.3086 

218.20 

28.36 

0.4330 

586 

80.688 

2.0355 

246.20 

27.01 

0.4010 

580 

.     80.057 

1.8216 

273.72 

27.52 

0.6487 

577 

40.200 

1.6404 

800.00 

27.18 

0.6050 

572 

40.421 

1.5077 

827.77 

26.87 

0.6628 

560 

40.626 

1.3801 

354.35 

26.58 

0.7104 

566 

40.816 

1.2882 

380.66 

26.31 

0.7757 

563 

40.003 

1.2014 

406.73 

26.07 

0.8317 

560 

41.150 

1.1258 

432.58 

25.85 

0.8874 

557 

41.815 

1.0505 

458.22 

25.64 

0.0430 

556 

41.463 

1.0007 

483.66 

25.44 

0.0083 

553 

41.602 

0.0483 

508.03 

25.27 

1.0534 

551 

41.734 

0.0012 

584.03 

25.10 

1.1084 

550 

41.861 

0.8588 

558.04 

24.01 

1.1681 

547 

41.081 

0.8202 

588.72 

24.78 

1.2177 

546 

42.006 

0.7851 

608.34 

24.62 

1.2721 

544 

42.207 

0.7520 

632.82 

24.48 

1.8264 

543 

42.314 

0.7234 

657.14 

24.32 

1.3805 

541 

42.416 

0.6001 

681.36 

24.22 

1.4345 

540 

42.515 

0.6700 

705.43 

24.07 

1.4883 

588 

42.610 

0.6475 

720.42 

23.00 

1.5420 

537 

42.702 

0.6257 

753.24 

23.82 

1.5056 

530 

42.701 

0.6054 

776.07 

23.73 

1.6400 

534 

42.876 

0.5864 

800.61 

23.64 

1.7024 

584 

42.060 

0.5686 

824.13 

23.52 

1.7556 

532 

43.040 

0.5518 

847.57 

23.44 

1.8088 

582     * 

48.110 

0.5361 

870.88 

23.31 

1.8G18 

530 

48.106 

0.5213 

804.00 

23.21- 

1.0147 

520 

624 
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TABLE  \l.^e(mtvnmd. 


PUNGIPAL  TABLB  FOR   SATCKATED  STEAM. 


1 

s 

8 

4 

« 

5 

6 
Inner  latent 

steam  pressure 

• 

Temperatare 

heat 

C. 

Heat  of  liquid 

p 

Atmospheres. 

In  millimeters 
of  barometer. 

Kilograms  per 

sq.  meter. 

P 

t 

(page  876) 

(R^gnaolt.) 

q 

(page  878) 
(Jbt^nanlt.) 

o.r»iti 

8.5 

2660 

86169.0 

139.24 

140.488 

465.261 

8.6 

2736 

87202.4 

140.23 

141.450 

464478 

3.7 

2812 

38235.8 

141.21 

142.458 

463.708 

8.8 

2888 

89269.2 

142.16 

148.416 

462.959 

8.9 

2964 

40302.6 

143.08 

144868 

462.224 

4.0 

8040 

41336.0 

144.00 

145.810 

461.496 

41 

3116 

42869.4 

144.89 

146.222 

460.792 

4.2 

8192 

48402.8 

145.76 

147.114 

460.104 

4.3 

8268 

44436.2 

146.61 

147.985 

459.481 

4.4 

8844 

45469.6 

147.46 

148.857 

458.759 

4.5 

8420 

46503.0 

148.29 

149.706 

458.103 

4.6 

8496 

47536.4 

149.10 

150.689 

457.462 

47 

8672 

48669.8 

149.90 

151.360 

466.829 

48 

3648 

49603.2 

150.69 

152.171 

456.204 

49 

8724 

60636.6 

151.46 

152.961 

455.595 

5.0 

8800 

51670.0 

152.22 

158.741 

454.994 

5.1 

3876 

52703.4 

152.97 

154613 

464.401 

5.2 

8952 

63736.8 

158.70 

165.262 

453.828 

5.3 

4028 

54770.2 

164.43 

166.012 

463.246 

5.4 

4104 

65808.6 

165.14 

156.741 

452.684 

5.5 

4180 

56837.0 

155.85 

167.471 

452.128 

5.6 

4256 

57870.4 

156.54 

158.181 

451.577 

6.7 

4832 

68903.8 

157.22 

158.880 

451.089 

5.8 

4408 

69937.2 

167.90 

159.579 

460.501 

5.9 

4484 

60970.6 

168.56 

160.269 

449.979 

6.0 

4560 

620040 

159.22 

160.988 

449.467 

6.1 

4636 

63037.4 

169.87 

161.607 

448.948 

6.2 

4712 

64070.8 

160.50 

162.255 

448.444 

6.3 

4788 

65104.2 

161.14 

162.915 

447.988 

6-4 

4864 

66137.6 

161.76 

163.653 

447.448 

6.5 

4940 

67171.0 

162.87 

164181 

446.965 

6.6 

6016 

68204.4 

162.98 

164.810 

446.488 

6.7 

5092 

6Q237.8 

163.58 

165.428 

446.008 

6.8 

5168 

70271.2 

164.18 

166.047 

445.534 

6.9 

5244 

71304.6 

164.76 

166.645 

445.075 

THERMO D  TNAMICa. 


625 


TABLE  n.—coWtinued. 


PBINCIPAL  TABLE  FOB  SATUBATED  8TKAM. 


7 

8 

9 

10 

11 

12 

Outer  latent 

Values  of 

beat 
Apu, 

V 

Cub.  meters  per 

p_ 

Diflerence. 

Kil.  per  cab. 

Difference. 

page  888. 

HI., 
page  891. 

u 
page  898. 

meter, 
page  886. 

43.260 

1 

0.5072 

917.2 

1.9676 

43.842 

0.4940 

940.3 

28.1 

2.0203 

0.0527 

43.413 

0.4814 

968.2 

22.9 

2.0729 

.      526 

43.480 

0.4695 

986.1 

22.9 

2.1255 

526 

43.548 

0.4581 

1008.9 

22.8 

2.1780 

525 

43.614 

0.4474 

1081.6 

22.7 

2.2308 

528 

48.677 

0.4871 

1054.2 

22.6 

2.2826 

528 

48.739 

0.4278 

1076.8 

22.6 

2.8349 

528 

43.799 

0.4179 

1099.8 

22.5 

2.8871 

522 

43.859 

0.4090 

1121.7 

22.4 

2.4391 

520 

48.918 

0.4004 

1144.0 

22.8 

2.4911 

520 

48.975 

0.89^ 

1166.3 

22.8 

2.5480 

519 

44.080 

0.8844 ' 

1188.5 

22.2 

2.6949 

519 

44.085 

0.8768 

1210.6 

22.1 

2.6467 

518 

44.189 

0.8696 

1282.7 

22.1 

2.6984 

517 

44.192 

0.8626 

1254.7 

22.0 

2.7500 

516 

44.243 

0.8559 

1276.6 

21.9 

2.8016 

516 

44.203 

0.8495 

1298.5 

21.9 

2.8581 

515 

44.348 

0.8438 

1820.3 

21.8 

2.9046 

515 

44.892 

0.8878 

1842.1 

21.8 

2.9560 

514 

44.441 

0.8815 

1868.8 

21.7 

8.0078 

518 

44.487 

0.8259 

1885.4 

21.6 

8.0586 

518 

44.538 

0.3205 

1407.0 

21.6 

8.1098 

512 

44.579 

0.3153 

1428.5 

21.5 

8.1610 

512 

44.628 

0.8108 

1450.0 

21.5 

8.2122 

512 

44.667 

0.8054 

1471.5 

21.5 

8.2682 

510 

44.710 

0.8007 

1492.9 

21.4 

8.8142 

510 

44.758 

0.2962 

1514.2 

21.8 

8.8652 

510 

44.794 

0.2917 

1535.5 

21.3 

8.4161 

509 

44.836 

0.2874 

1556.7 

21.2 

8.4670 

509 

44.876 

0.2883 

1577.9 

21.2 

8.5178 

508 

44.916 

0.2792 

1599.0 

21.1 

3.5685 

507 

44.956 

0.2758 

1620.1 

21.1 

8.6192 

507 

44.994 

0.2715 

1641.2 

21.1 

8.6699 

507 

45.082 

0.2678 

1662.2 

21.0 

8.7206 

507 

40 
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TABLE  IL.—conHwusd. 


PEINGIPAL  TABLE    FOR   8ATT7Bi.TED   8TBAM. 


1 

AtmuBpheres. 

9 

Steam  pressure 

In  millimeters 
of  barometer. 

8 

• 

Kilograms  per 
sq.  meter. 

P 

4 

Temperatare 

C. 

t 

(page  876) 

(Regnaalt.) 

5 

Heat  of  liquid 

(page  STB) 
(Regnanlt.) 

6 
heat 

[p  =  875.40  — 
0.79W.] 

7.00 
7.25 
7.50 
7.75 

6820 
5510 
6700 
6890 

72388.0 
74921.6 
77505.0 
80088.5 

165.84 
166.77 
168.15 
169.50 

167.243 
168.718 
170.142 
171.535 

444.616 
443.485 
442.893 
441.825 

8.00 
8.25 
8.50 
8.75 

6080 
6270 
6460 
6650 

82672.0 
85255.5 
87889.0 
904^.6 

170.81 
172.10 
173.36 
174.57 

172.888 
174.221 
175.614 
176.775 

440.289 
439.269 
438.280 
487.315 

9.00 
9.25 
9.50 
9.75 

6840 
7030 
7220 
7410 

98006.0 

95589.5 

98173.0 

100756.5 

175.77 
176.94 
178.08 
179.21 

178.017 
179.228 

180.408 
181.579 

436.866 
435.440 
434.539 
483.645 

'10.00 
10.25 
10.50 
10.75 

7600 
7790 
7980 
8170 

103340.0 
105933.5 
108607.0 
111090.5 

180.81 
181.88 
182.44 
188.48 

182.719 

183.828 

,     184.927 

V  186.005 

\ 
ld8L065 

I88X18 

189. 13X 
190.189\ 

432.775 
431.928 
431.090 
430.267 

11.00 
11.25 
11.50 
11.75 

8860 
8550 
8740 
8930 

118674,0 
116257.5 
118841.0 
121424.5 

184.50 
185.51 
186.49 
187.46 

429.460 
428.661 
427.886 
427.119 

12.00 
12.25 
12.50 
12.75 

9120 
9810 
9500 
9690 

124008.0 
126591.6 
129175.0 
131758.5 

188.41 
189.85 
190.27 
191.18 

191.126 
192.104 
193.060 
194.007 

\  426.368 

\^.684 

ii^896 

4aL177 

18.00 
13.25 
18.50 
18.75 

9880 
10070 
10260 
10460 

134342.0 
186925.5 
139509.0 
142092.5 

192.08 
192.96 
198.88 
194.69 

194.944 
195.860 
196.766 
197.662 

423.4t«5 
422.76^. 

422.080 
421.400 

14.00 

10640 

144676.0 

195.68 

198.687 

420.736 
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TABLE  n.— eofUftiiMd. 


PSnrCIPAL    TABLE   FOB   SATUBATED  flTEAM. 


7 

8 

9 

10 

11 

12 

Onter  latent 

Talnes  of 

Y 

KU.  per  cub. 

meter, 

page  806. 

heat 
page  sis. 

u 

CnlK  meters  per 

kU., 

page  wl. 

jp. 
page  898. 

Diflerenoe. 

Difference. 

46.070 
46.162 
46.260 
45.337 

0.2642 
0.2666 
0.2476 
0.2400 

1688.0 
1736.2 
1787.1 
1838.7 

62.2 
61.9 
61.6 

8.7711 
8.8974 
4.0234 
4.1490 

0.1268 
1260 
1266 

46.420 
46.501 
46.578 
45.664 

0.2329 

'  0.2263 

0.2200 

0.2141 

1890.1 
1941.2 
1992.1 
2042.8 

61.4 
61.1 
60.9 
60.7 

4.2745 
4.3997 
4.6248 
4.6496 

1265 
1252 
1261 
1247 

46.727 

45.798 
46.868 
45.986 

0.2086 
0.2031 
0.1981 
0.1933 

2093.8 
2143.6 
2193.6 
2248.8 

60.6 
50.2 
60.0 
49.8 

4.7741 
4.8986 
5.0226- 
5.1466 

1246 
1244 
1241 
1240 

46.001 
46.064 
46.127 
46.189 

0.1887 
0.1844 
0.1802 
0.1763 

2293.0 
2342.6 
2391.7 
2440.7 

49.7 
49.6 
49.2 
49.0 

6.2704 
6.3941 
6.5174 
6.6406 

1288 
1237 
1233 
1281 

46.247 
46.306 
46.362 
46.417 

0.1726 
0.1689 
0.1654 
0.1621 

2489.6 
2538.2 
2586.8 
2636.2 

48.8 
48.7 
48.6 
48.4 

6.7686 

6.8864 

.    6.0092 

6.1818 

1281 
1228 
1228 
1226 

46.471 
46.524 
46.576 
46.626 

0.1589 
0.1558 
0.1529 
0.1500 

2683.4 
2731.4 
2779.3 
2827.0 

48.2 
48.0 
47.9 
47.7 

6.2648 
6.3766 
6.4986 
6.6206 

1226 
1222 
1221 
1220 

46.676 
46.724 
46.772 
46.818 

0.1473 
0.1447 
0.1421 
0.1397 

2874.6 
2922.0 
2969.8 
3016.6 

47.5 
47.5 
47.8 

47.2 

6.7424 
6.8642 
6.9857 
7.1072 

1218 
1218 
1216 
1215 

46.864 

0.1373 

3068.4 

46.9 

7.2288    . 

1211 
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TABLE  Ila. 


SATURATED    STEAM. 


1 

2 

Tempera- 

Absolnte 

ture 

tempera- 

C, 

ture 

t 

T 

0 

273 

5 

278 

10 

283 

15 

288 

20 

293 

25 

298 

80 

803 

85 

808 

40 

813 

45 

318 

60 

323 

55 

328 

60 

833 

65 

338 

70 

343 

75 

848 

80 

353 

85 

858 

90 

363 

95 

368 

100 

878 

105 

378 

110 

383 

115 

388 

120 

893 

125 

398 

ISO 

403 

135 

403 

140 

413 

145 

■ 

418 

150 

423 

155 

428 

160 

433 

165 

438 

170 

443 

175 

448 

180 

453 

185 

458 

190 

468 

195 

468 

900 

478 

8 

PreMure  in 
mlllime- 

ten  of  bfir 
rometer 

P 

4.600 

6.534 

9.165 

12.699 

17.391 

23.550 
81.548 
41.827 
54.906 
71.390 

91.980 
117.475 
148.786 
186.988 
233.082 

288.500 
854.616 
433.002 
525.392 
683.692 

760.000 

906.410 

1075.870 

1269.410 

1491.280 

1748.880 
2080.280 
2353.780 
2717.630 
8125.550 

3581.280 
4088.560 
4651.620 
5274.540 
5961.660 

6717.480 
7546.890 
8458.230 
9442.700 
10519.630 

11688.960 


Total  heat 

W 
(B^^naalt) 


600.500 
608.025 
609.550 
611.075 
612.600 

614.125 
615.650 
617.175 
618.700 
620.225 

621.750 
623.275 
624.800 
626.325 
627.850 

629.375 
630.900 
632.425 
633.950 
635.475 

637.000 
688.525 
640.050 
641.575 
648.100 

644625 
646.150 
647.675 
649.200 
650.725 

652.250 
658.775 
655  800 
656.825 
658.850 

659.875 
661.400 
662.925 
664.450 
665.975 

667.500 


Differ- 
ences. 


1.525 


Heat  of 
liquid 

q 

(Regnault) 


<( 


0.000 

5.000 

10.002 

15.005 

20.010 

25.017 
30.026 
85.087 
40.051 
45.068 

50.087 
55.110 
60.137 
65.167 
70.201 

75.239 
80.282 
85.329 
90.381 
95.488 

100.500 
105.568 
110.641 
115.721 
120.806 

125.898 
130.997 
136.103 
141.215 
146.884 

151.462 
156.598 
161.741 
166.892 
172.052 

177.220 
182.898 
187.584 
192.780 
197.985 

203.^00 


Differ- 
ences. 


Total  latent 

heat 
r^W-q 


Differ- 


5.000 
5.002 
5.008 
5.005 

5.007 
5.009 
5.011 
5.014 
5017 

5.019 
5.023 
5.027 
5.030 
5.034 

5.038, 

5.043' 

5.047 

5.052 

5.057 

5.062 
5.068 
5.073 
5.080 
5.T>85 

5.092 
5.099 
5.106 
5.112 
5.119 

5.128 
5.186 
5.143 
5.151 
5.160 

5.168 
5.178 
5.186 
5.196 
5.206 

5.215 


606.500 

603.025  8.475 
699.548  8.477 
596.070  8.476 
592.590  •  8.480 


689.106 
685.624 
582.186 
678.649 
575.157 

571.668 
668.165 
564.663 
661.158 
657.649 

554.136 
550.618 
547.096 
643.569 
540.037 


8.482 
8.484 
8.486 
3.489 
8.492 

8.'^4 
8.498 
3.502 
8.505 
3.500 

3.513 
8.518 
3.523 
8.527 
8.582 


536.500    8.687 
532.957  ,  8.643 
529.409 
625.854 
622.294 

618.727 
515.153 
511.572 
507.985 
504.391 

500.788 
497.177 
498.559 
489.933 
486.298 

482.655 
479.002 
475.341 
471.670 
467  990 

464.300 


3.548 
8.555 
8.560 

3.567 
3.574 
8.581 
3.587 
3.504 

3.608 
3.611 
8.618 
8.026 
3.685 

8.648 
8.663 
3.661 
3.671 
3.660 

3.600 
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TABLE  lla.'-eontinued. 

SATURATED    STEAM. 


7 

8 

1 

• 

0 

10 

11 

1 

Outer  latent 

Differ^ 

Steam  heat 

Diflei^ 

Inner  latent 

Differ- 

'^      Value  of 

Tem- 

heat 

ence. 

/=r  W-~ 

ence. 

heat 

ence. 

tnrfl 

Apu 

Apu 

ft^r-Apti 

u 

u 

bill  o» 

c. 

t 

81.071 

575.43 

575.48 

210.66 

2.732 

0 

81.475 

0.404 

576.55 

1.12 

571.55 

8.88 

150.23 

8.805 

6 

81.892 

0.417 

577.66 

1.11 

567.66 

8.87 

108.51 

5.231 

10 

82.818 

0.426 

678.76 

1.10 

668.75 

3.91 

i    79.346 

7.104 

16 

82.755 

0.487 

579.84 

1.08 

569.88 

8.92 

68.720 

9.682 

20 

88.201 

0.446  1 

580.92 

1.06 

655.91 

8.92 

43.968 

12.646 

26 

88.656 

0.455 

581.99 

1.07 

651.97 

3.94 

33.266 

16.592 

30 

84.119 

0.468 

583.06 

1.07 

648.02 

3.05 

1    26.486 

21.645 

86 

84.588 

0.469 

584.11 

1.05 

644.06 

8.96 

19.644 

27.696 

40 

85.064 

0.476 

585.16 

1.05 

640.09 

8.97 

15.816 

35.264 

46 

85.544 

0.480 

586.21 

1.05 

686.12 

3.97 

12.049 

44.492 

60 

86.027 

0.483 

587.25 

1.04 

682.14 

8.98 

9.5613 

56.646 

66 

86.512 

0.485 

588.29 

1.04 

528.15 

8.99 

7.6531 

69.020 

60 

86.996 

0.484 

589.33 

1.04 

524.16 

8.99 

6.1711 

84.088 

66 

87.478 

0.4Q2 

590.37 

1.04 

620.17 

3.99 

5.0139 

108.746 

70 

87.965 

0.477 

591.42 

1.06 

616.18 

8.99 

4.1024 

125.826 

75 

88.425 

0.470 

592.47 

1.06 

512.19 

8.99 

.     3.3789 

151.587 

80 

88.885 

0.460 

593.54 

1.07 

508.21 

8.98 

2.8008 

181.482 

86 

89.882 

0.447 

594.62 

1.08 

504.24 

3.97 

2.3844 

216.008 

CO 

89.762 

0.480 

595.71 

1.09 

500.27 

3.97 

1.9566 

265.687 

96 

40.200 

0.438 

596.79 

1.08 

496.29 

8.98 

1.6496 

800.866 

loo 

40.631 

0.431 

597.89 

1.10 

492.88 

8.96 

1.8978 

352.218 

106 

41.048 

0.417 

599.00 

1.11 

488.86 

3.97 

1.1903 

410.292 

110 

41.457 

0.409 

600.12 

1.12 

484.40 

8.96 

1.0184 

475.663 

116 

41.858 

0.401 

601.24 

1.12 

480.44 

8.96 

0.8752 

648.902 

120 

42.250 

0.392 

602.37 

1.18 

476.48 

3.96 

0.7656 

680.686 

126 

42.684 

0.884 

603.52 

1.15 

472.52 

8.96 

0.6648 

721.607 

180 

48.010 

0.370 

604.66 

1.14 

468.56 

8.96 

0.6698 

822.821 

186 

48.877 

0.867 

605.82 

1.16 

464.61 

8  95 

0.4977 

983.476 

140 

48.785 

0.858 

606.99 

1.17 

460.66 

3.95 

0.4863 

1066.726 

145 

44.086 

0.851 

608.16 

1.17 

466.70 

8.96 

0.8889 

1189.786 

160 

44.428 

0.342 

609.85 

1.19 

462.75 

3.96 

0.8388 

1336.166 

166 

44.761 

0.883 

610.54 

1.21 

448.80 

8.96 

0.3001 

1496.686 

160 

45.086 

0.325 

611.74 

1.20 

44485 

3.96 

0.2665 

1668.926 

166 

45.406 

0.317 

612.95 

1.21 

440.89 

3.96 

0.2375 

1866.688 

170 

46.711 

0.308 

614.16 

1.21 

486.94 

8.96 

0.2122 

2069.147 

175 

46.012 

0.299 

615.89 

1.23 

432.99 

8.95 

0.1901 

2277.866 

180 

46.804 

0.292 

616.62 

1.23 

429.04 

8.95 

0.1708 

2611.787 

186 

46.589 

0.2a5 

617.86 

1.24 

426.08 

8.96 

0.1538 

2762.974 

190 

46.864 

0.275 

619.11 

1.25 

421.13 

8.95 

0.1389 

3081.464 

196 

47.188 

0.269 

620.87 

1.26 

417.17 

1 

8.96 

0.1267 

8817.796 

200 
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TABLE  m. 


A17XILIi.RT  TABLV8  FOB   SATURATED  8TBAM  (ZEUNEB). 


Fre«sare 

r 

P 

q 

T 

r 

*lw 

r 

inatmoe- 
pheres. 

(PageAU) 

(Page  421) 

(Page  879) 

(Page  411) 

Apu 

0.6 

126.747 

0.26278 

549.404 

1.54887 

14.229 

1 

148.47 

0.31856 

586.500 

1.48884 

13.344 

2 

170.689 

0.3G814 

621.866 

1.82588 

12.458 

4 

183.778 

0.40205 

512.858 

1.25918 

11.935 

4 

198.168 

0.42711 

505.110 

1.21129 

11.568 

5 

200.457 

0.44698 

499.186 

1.17895 

11.284 

6 

206.394 

0.46892 

494.124 

1.14822 

11.052 

7 

211.481 

0.47840 

489.686 

1.11714 

10.856 

8 

215.862 

0.40120 

485.709 

1.09441 

10.684 

9 

219.726 

050270 

482.093 

1.07425 

10.585 

10 

223.178 

0.51297 

478.776 

1.05617 

10.401 

11 

226.292 

0.52266 

475.707 

1.03980 

10.280 

12 

229.184 

0.58150 

472.889 

1.02477 

10.168 

18 

281.752 

0.58975 

470.141 

1.01088 

10.066 

14 

284.165 

0.54744 

467.600 

0.99801 

9.971 
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Absoluts  cero,  142. 

Adiabatic  comprewion  of  air,  167. 

cnrvef  approximate  formula  for,  482. 
for  air,  158. 
for  steam,  421. 
for  siiperlieated  steam,  686. 
efflnx  of  vteam.  473. 
expansion  of  air,  165. 

of  steam,  480. 
tranffer  of  air,  172. 
Air,  compressed,  882. 
efflnx  of,  818. 
engines,  compressed,  822. 

complete  expansion, 

8J8. 
fall  pressure,  884. 
incomplete      expan- 
sion, 888. 
friction  of.  in  pipes,  897. 
Atmospheres  into  ponnds  and  kilograms,  855. 
Atmospheric  gas  engine,  294. 
Back  pressure,  work  of,  579. 
B^hard,  experiments  of,  48. 
Bernoulli,  Daniel,  SSL 
Body  tension,  132. 
Boiler,  locomotive.  458. 

steam,  generation  of  steam  in,  451. 
Boiling  point,  148. 
Buffon,  hypothesis  of,  60. 
Caloric,  105. 
Capacity,  volume,  180. 
Camot,  58. 
Charles,  law  of,  68. 

Chlorophyll,  aheorption  spectrum  of,  87. 
Clapcvrou,  54. 

Clausins,  views  as  to  nature  of  heat,  118. 
Coefficient  of  irregularity,  590. 
Colding,  54. 
Compressed  air  engines,  822. 

complete     expansion, 

8^. 
full  pressure.  884. 
incomplete  expansion. 
888. 
Compression  of  jrasc?,  146. 

of  steam,  adiabatic,  480. 
Comnrett^sors,  air,  822. 
Condensation  of  steam  in  expanding,  72. 
Condencer,  449. 

dimensions  of,  601. 
Jet,  465. 
surface,  460. 
theory  of,  460. 
Conduction  and  radiation  of  heat,  115. 
Connecting  rod,  influence  of  length  of,  tiSH. 
Constant  steam  weight,  cur^'e  of^899. 


Constant  volume,  addition  of  heat  under,  448. 

Contraction  of  bodies  when  heated,  66. 

Convection,  electrolytic,  88. 

Coriolis,  theorem  of,  68. 

Crank,  theory  of,  667. 

Critical  temuerature,  401. 

Cost  of  worKing  of  steam  engine,  604. 

Cycle  process,  19. 

of  steam  engine,  imperfection 

of,  656. 
of  the  steam  engine,  660. 
simple,  reversible,  179. 
Cylinder,  actiou  of  steam  in.  666. 
Davy,  experiments  of,  68, 1U2. 

views  as  to  nature  of  heat,  118. 
Delivery  indicated,  684. 

useful,  600. 
Density  of  saturated  steam,  806. 
Disgregation  work,  18-25, 182. 

in  crystals  and  liquids,  64. 
Dynamitic,  112. 
Effect,  mechanical,  8. 
Efficiency,  coefficient  of.  86. 

of  steam  engine,  906. 
Efflux,  adiabatic,  of  steam,  478. 
of  air  from  vessels,  818. 
of  hot  water,  481. 
of  steam,  4'iO. 

velocity  of,  477. 
Electrolytic  convection,  88. 
Electro-magnetic  engine,  89. 

forces,  nature  of,  80. 
Engine,  electro-msgnetic,  89. 
EricHSon's,  78. 
hot-air,  82. 
Engines,  hot-air,  75. 
steam,  546. 
Engine,  work  of , when  disconnected,  667. 
English  measures  into  French,  868. 
Entropy,  92. 187. 
Ericsson's  engine,  78. 

hot-air  engine,  218. 
Ether,  111. 

Evaporation,  action  of  heat  in,  869. 
work  of  water  in,  207. 
Examples  for  practice,  84(t. 
Expansion,  coefficient  of,  140. 
degree  of.  6ns. 

of  air  under  constant  pressoie,  ITS. 
of  gases,  187. 
of  steam,  402. 

adiabatic,  480. 
Favre,  experiments  of,  10. 
Fill,  coefficient  of,  604. 
Fizeau  and  Foucautt,  experiments  of,  7. 
Fl}*-wheel,  rim  and  arms,  604. 
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Fly-wheel,  weiirbt  of,  fi69. 
Foot-poands  into  meter-kiloeranui,  854. 
Formulae,  recapitulation  of,  208. 
French  moasores  into  English,  858. 
Friction,  ft. 

of  air  in  pipes,  827. 

of    blood,    influence-   upon    animal 

heat,  85. 
pressure  for  overcoming,  59ft. 
Fuel  used  per  hour,  602. 
Gas  engine,  atmospheric.  294. 

of  Otto  and  Sanger,  880. 
Gases,  compression  of,  14ft. 
constitution  of.  67. 
expansion  of.  187. 
law  of  expansion  of,  68. 
specific  heat  of,  146. 
Gay-Liv$sac*8  law,  147. 
Gravity,  specific,  180. 
Heat,  action  of,  in  evaporation,  8S0. 
actual  specific,  of  water,  876. 
addition  under  constant  volume,  448. 
a  kind  of  motion.  111. 
calculation  of  mechanical  equivalent  of, 

143. 
conduction  and  radiation,  115. 
different  works  performed  by,  121. 
fundamental  equations  of  mechanical  the- 
ory of,  123. 
generated  by  mechanical  action,  102. 
Identity  with  light,  7. 
inner  and  outer,  of  vaporization,  870. 
latent  18. 

law  of  transmission  of,  76. 
mean  specific,  of  water,  875. 
mechanical  equivalent  of,  10,  44,  65,  70, 

80.  104. 10ft. 
of  friction,  101. 
of  liquids,  878. 
of  vaporization,  877. 
outer  and  inner  latent,  of  steam,  892. 
rays,  interference  of,  7. 
specific,  128, 134. 

of  ga«es,  14ft. 
.of  water,  874. 
steam,  883. 
total,  377. 

transformation  into  work,  79. 
unit,  105. 

views  as  to  the  nature  of,  IIJS. 
weight.  187, 441. 
Heating  surface.  453. 
Him.  exi>er{ment8  of,  ftl,  100. 
Him^s  experiments,  12. 

law  for  superheated  steam,  608. 
Horse  power,  cost  of,  ftU8. 
Hot  air  and  steam,  comparison  of  work  of,  210. 

engines  comparison  of,  206. 
engine,  88, 75. 

Ericss6n's,  218. 

formulae  for,  251. 

historical,  200. 

maximum  delivery,  241, 248. 

of  Lanbereau  and  Lehmieuin,  25ft. 

of  Lelmiann,  2ft7. 

of  Sterling.  248. 

of  Unger,  254. 

open,  with  open  fireplace,  213. 

interior  fire,  228. 
r^^nerator,  72. 
theory  of,  228. 
Hugon^s  engine,  293. 
Inches  into  centimeters,  862. 
Indicated  delivery,  5M. 
Indicator,  steam,  13. 
Induction  phenomena,  77. 
Injector,  description  of,  490. 

theory  of,  491. 
Inner  and  outer  heat  of  vaporization,  879. 
work,  121, 122. 
work,  graphical  representation  of,  190. 


Intermediate  bodv  in  cycle  mocess,  181. 
Irregularity,  coefficient  of,  500. 
Isenergic  curve  for  air,  157. 
Isentropic    *•        '•        158. 
Isodynamic "        "       157. 

steam,  41& 

superheated  steam,  588. 
Isometric  curve,  176. 
Isopiestic     "      ITS. 
Isothermal   "     for  air,  154. 

for  steam,  415. 
for  superheated  steam,  589. 
Jet  condenser,  465. 
Joule  and  Favre,  experiments  of,  40. 

experiments  ot.  9, 71, 104. 
Journals,  diameter  or  506. 
Kilograms  into  pounds,  858. 

per  square  centimeter  into  ponndB 
per  square  Inch.  866. 
Latent  heat,  18. 

outer  and  inner,  of  steam,  802. 
Lanbereau  and  Lehmann,  hot-air  engine,  256. 
Lanbereau*s  engine,  delivery  of,  264. 

dimentuons  of,  26ft. 
theory  of,  200. 
Lavoisier  and  Laplace.  68. 
Lehmann's  engine,  delivery  of,  274. 

hot-air  engine,  207. 
Loi^^  of  connecting  rod,  influence  of,  608. 
Lenoir  engine,  delivery  of,  28ft. 
Light,  identity  with  heat,  7. 
Liquid,  heat  of.  873. 
Locomotive  boiler,  463. 
Magnus,  formulae  of,  800. 
Mariottc  and  Gay-Lussac's  la^s  combined,  148, 

ISl. 
Mariotte's  law,  146. 
Mayer,  views  of,  89, 108. 
Mazeline,  hot-air  engine  of,  288. 
Mechanical  effect,  8. 

equivalent  of  heat,  10, 44,  65, 70,  80, 
104,106. 

calculation      of, 
148. 
theory  of  heat,  fundamental  equa- 


ny  or 
tlons. 


128. 


Melting  point,  148 
Meter-kilograms,  into  foot-lbs.,  854. 
Meters  into  inches,  862. 
Mixture  of  steam,  4S&. 
Motion,  perpetual,  \  59. 
Notation,  customary  for  steam,  886. 

of  frequent  use,  S02. 
Otto  and  Langen,  giis  engine,  280. 
Outer  and  inner  work,  m,  122. 

wofk,  18. 
Passages,  steam,  cross-section  of,  682. 
Perpetual  motion,  6, 50. 
Piston,  mean  velocity  of,  586. 
Pounds  into  kilograms,  354. 
.  per  square  inch  into  kilograms  per 

square  centimeter,  355. 
Pressure,  back,  work  of.  679. 

'  chanse  of,  with  volume  for  air,  194. 

speculc,  122. 
Process,  cycle,  19. 
Pumps,  dimensions  of,  601. 
Itidiation  and  conduction  of  heat,  115. 
Redtenbacher.  theonr  of,  111. 
Reduction  tables,  852. 
Regenerator,  247. 

in  hot-air  engines,  72. 
Begnault,  experiments  of,  867. 

formuliB  of,  868. 
ROntgen's  "  870. 

Rnmford.  experiments  of,  58, 101. 
Saturated  steam,  864. 

densltv  of,  89ft. 
formulae  for,  86ft. 
Saturation,  curve  of,  4kM, 
Specific  gravity,  180. 
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Spedflc  beat,  128, 1^. 

actual,  of  water,  flfJQ. 
mean,  of      '"'     '875. 
of  gases,  14ft. 
of  water,  874. 
pressnre,  122. 
steam  voliime,  885. 

calcnlated,  88& 
Tolome,  122. 

of  superheated  f^team,  609. 
Steam,  adiabotic  compression,  of  480. 
curve  for,  421. 
expansion  of,  480. 
and  hot  air,  comparison  of  work  of,  210. 
condensation  of,  in  expanding;  72. 
efHux  of,  470. 
engine,  64A. 

and  hoi-air  engine,  comparison 

of,  206. 
cakmlation  of,  605. 
complete  calculation  of,  565. 
cost  of  wortdnff.  604. 

3cle  process  m.  660. 
iciency  of,  206. 
imperfection  of  cycle  process 

of,  665. 
motix'e  power  of,  60. 
perfect,  660. 
expansion  of,  409. 
gas,  865. 

Seneralpropertles  of,  868L 
eat,  888. 
indicator,  18. 

isodynamic  curve  for,  418. 
iflotnermal  curve  for,  410. 
mixtoies  of ,  456. 
passages,  cross-section  of,  588. 
saturated,  864. 
superheated,  865, 606. 

adiahatic  curve  for.  686. 
isodynamic  curve  for,  588. 
isothermal-  curve  for,  689. 
volume,  calculated,  888. 
per  stroke,  675. 
specific,  8efi. 
weight,  curve  of  constant,  860. 

per  hour,  600. 
work  of  the  driving,  677. 
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Sterling's  engine,  248. 
Superheated  steam,  865, 606. 

adlabatic  curve  for.  586. 
isodynamic  curve  for,  588. 
Isothermal  curve  for,  589. 
speciAc  volume,  500. 
Zenner*8  theory  of,  517. 
Surface  conden8er,460. 

heating,  462. 
Tabivs,  reductron,  882. 
Temperature,  absolute  zero  of,  142. 

critical,  401. 
Tension,  body,  122. 
Thermodynamic  function,  187. 
Thermodynamics,  definition  of,  8. 
Thomson  and  Joule,  experiments  of,  71. 

Wm.,  60. 
Total  heat,  877. 
Unger*s  hot-air  ensine,  254. 
UsSTuI  delivery,  6^. 
Viqiwrization,  nleat  of,  fSH. 

inner  and  outer  heat  of,  879. 
Yegetation,  dependence  upon  light,  86. 
Velocity  of  efflux  of  steam,  477. 

of  piston,  mean,  686. 
Vis  viva,  8. 
Volume  capacity.  180. 

change  of,  with  pressure,  194. 
8pecfflc,122. 

of  superheated  steam,  009. 
steam,  88S. 
calculated,  888. 
steam,  per  stroke,  675. 
Water,  hot,  efflux  of,  481. 
Work,  8. 

disgregation,  18, 25, 182. 

in  crystals  and  liquids,  64. 
inner  and  outer,  121. 
outer,  18. 

and  inner,  122. 
performed  by  heat,  106. 
ufteltil,  6. 
Working  of  steam  engine,  cost  of,  601 
Young,  58. 
Zero,  absolute,  142. 

Zeuner,  theory  of  superheated  steam,  517. 
Zinc,  decomposition  of,  84. 


